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TARGETED GENE DELIVERY TO CELLS BY FILAMENTOUS 

BACTERIOPHAGE 

CROSS-REFERENCE TO RELATED APPLICATIONS 
This application claims benefit under 35 U.S.C. §1 19(e) of provisional 
application USSN 60/082,953, filed on April 24, 1998, which is herein incorporated by 
reference in its entirety for all purposes. 

STATEMENT AS TO RIGHTS TO INVENTIONS MADE UNDER FEDERALLY 
SPONSORED RESEARCH AND DEVELOPMENT 

This work was supported, in part, by Department of Defense Grants 
DAMD17-96-1-6244 and D AMD 1 7-94443 3 . The government of the United States of 
America may have some rights in this invention. 

FIELD OF THE INVENTION 
This invention relates to the field of cell transduction and gene delivery. In 
particular, this invention relates to the use of filamentous phage to deliver heterologous 
nucleic acids into a cell. 

BACKGROUND OF THE INVENTION 
Frequently gene transfection techniques require the ability to target a 
therapeutic gene to an appropriate "target" cell or tissue type with high efficiency (Michael 
and Cuiiel (1994) Gene Ther. 1: 223-232). Targeting of retroviral vectors has been reported 
by inserting receptor ligands or single chain Fv (scFv) antibody fragments into the viral 
envelope protein (Kasahara et aL (1994) Science 266: 1373-1376). Targeting of adenoviral 
vectors has been achieved by use of 'adapter 1 fusion molecules consisting of an antibody 
fragment which binds the adenoviral knob and a cell targeting molecule such as a receptor 
ligand or antibody (Douglas et aL (1996) Nat Biotechnol 14: 1574-1578; Watkins et aL 
1997) Gene Ther. 4(10): 1004-1012). Targeting of non-viral vectors using cell surface 
receptor ligands or antibodies has also been reported (Fominaya and Wels (1996) J. Biol. 
Chem. 271(18): 10560-10568; Michael and Curiel (1994) Gene Ther. 1: 223-232). All of 
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these approaches depend on the use of targeting molecules that bind a cell surface receptor 
resulting in internalization of the gene delivery vehicle with subsequent delivery of the DNA 
to the nucleus. 

Identification of appropriate targeting molecules has largely been performed 
by individuaUy screening receptor ligands or antibodies. In the case of single chain {e.g. 
scFv) antibody fragments this typically requires construction of the scFv from the V-genes . 
of a hybridoma, construction of the targeted gene delivery vehicle, and in vitro evaluation of 
targeting ability. 

More recently, it has proven possible to directly select peptides and antibody 
fragments binding cell surface receptors from filamentous phage libraries (Andersen et al. 
(1996) Proc. Natl. Acad. Sci USA 93(5): 1820-1824; Barry et al. (1996) Nat. Med. 2: 299- 
305; Cai and Garen (1995) Proc. Natl. Acad. Sci USA 92(24): 6537-6541; de Kruif et al 
(1995) Proc Natl. Acad. Sci. USA 92(6): 3938-3942; Marks et al. (1993) Bio/Technology 
1 1(10): 1 145-1 149). This has led to a marked increase in the number of potential targeting 
molecules. 

Despite the increase in the number of known potential targeting molecules, 
these molecules, to date, have not been effectively exploited for transfecting genes into 
target cells. 

SUMMARY OF THE INVENTION 

This invention is based, in part, on the discovery that filamentous phage 
displaying the an antibody that binds to an internalizing receptor (e.g. anti-ErbB2 scFv F5) 
as a genetic fusion with the phage minor coat protein pHI can directly infect mammalian 
cells expressing the target receptor epitope (e.g., ErbB2) leading to expression of a 
heterologous gene (e.g. cDNA) contained in the phage genome. Thus, in one embodiment, 
this invention provides methods of transfecting (transducing) a target cell {e.g., vertebrate, 
invertebrate, bacteria, fungus, yeast, algal cell) with a {e.g. heterologous) nucleic acid. The 
methods preferably involve i) providing a phage externally displaying a heterologous 
targeting protein (heterologous to the phage) and containing a heterologous nucleic acid 
'(heterologous to the phage and/or to the target cell); and ii) contacting the target cell with 
the phage whereby said phage is internalized into said cell and wherein the heterologous 
nucleic acid is transcribed within the cell. While in many embodiments, the heterologous 
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nucleic acid comprises a reporter gene (or cDNA) or a selectable marker {e.g. an antibiotic - 
resistance gene or cDNA), in particularly preferred embodiment, the heterologous nucleic 
acid transcribes a gene product {e.g., antisense molecule, ribozyme, polypeptide) other than, 
or in addition to, the reporter gene or selectable marker. Typically a DNA brought into the 
5 cell by the methods of this invention is single stranded and, without being bound to a 
particular theory, it is believed the DNA is replicated to double stranded prior to 
transcription. 

In one preferred embodiment, the phage used in the methods of this invention 
are monovalent, displaying, on average, one pin fusion protein per viral particle, while in 

10 other preferred embodiments, the phage used in the methods of this invention are multi- 
valent, displaying on average, at least two, more preferably at least 3, and most preferably at 
least 5, pHI fusions per viral particle. The phage used to deliver the heterologous nucleic 
acid into a target cell can be a member of a library of phage wherein said library comprises a 
number of different heterologous targeting proteins {e.g. containing, on average, at least 10 5 , 

15 preferably at least 10 5 , more preferably at least 10 7 , and most preferably at least 10 8 different 
members). The methods can further involve selecting phage {e.g., from a library) that are 
internalized by the target cell. The selection can be by a variety of means including, but not 
limited to detection of a reporter gene {e.g. GFP, Fftax, luciferase, p-gal, etc.) or by selection 
via a selectable marker {e.g. an antibiotic resistance gene). The method can further involve 

20 amplifying phage internalized by said cell. 

In one particularly preferred embodiment, the providing step involves i) 
providing an assembly cell containing the heterologous nucleic acid and a packaging signal; 
and ii) infecting the assembly cell with a phage expressing on its surface said heterologous 
targeting protein and containing the gene for the targeting protein whereby the phage acts as 

25 a helper phage and packages the heterologous nucleic acid. Preferred assembly cells are 
prokaryotic cells {e.g. bacterial cells). In one preferred embodiment the heterologous 
targeting protein, and/or a DNA encoding the heterologous targeting protein, and/or the 
heterologous nucleic acid are encoded by a DNA thai is a phagemid. Preferred phage for use 
in the methods of this invention are filamentous phage. 

30 Preferred heterologous targeting proteins are antibodies, more preferably 

single-chain Fv, or Fabs. The phage can be preselected for binding to a particular 
internalizing cell surface receptor (e.g., erbB2). Other preferred receptors include, but are 
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not limited to receptors for platelet-derived growth factor (PDGF), epidermal growth factor- 
(EGF), insulin-like growth factor (IGF), transforming growth factor B (TGF-B), fibroblast 
growth factors (FGF), interleukin 2 (IL2), nerve growth factor (NGF), interleukin 3 (IL3), 
interleukin 4 (TL4), interleukin 1 (HI), interleukin 6 (IL6), interleukin 7 (IL7), interleukin 
13, granulocyte/macrophage colony-stimulating factor (GM-CSF), granulocyte colony- 
stimulating factor (G-CSF), macrophage colony-stimulating factor (M-CSF), erythropoietin 
TGF, transferrin,..erbB2, EGF, Vegf, and the like. In one particularly preferred embodiment, 
the phage can further express an endosomal escape polypeptide and/or a nuclear localization 
signal. 

In another embodiment, this invention provides a vector for (e.g., specific) 
transfection of a target celL Preferred vectors comprise a phage displaying a heterologous 
targeting protein (e.g. a single chain antibody) that specifically binds to an internalizing 
rJeptor whereby the phage binds to and is internalized into the target cell, and wherein the 
phage contains a heterologous nucleic acid that is transcribed inside the target cell. In one 
15 preferred embodiment, the heterologous nucleic acid transcribes a gene product (e.g., 

antisense molecule, ribozyme, polypeptide) other than, or in addition to, a reporter gene or 
selectable marker. The vector can include any of the viral particles or nucleic acids encoding 
the viral particles, or cells containing the nucleic acid or viral particles described herein. 

Thus, in another preferred embodiment this invention comprises a phage 
20 vector or phagemid vector encoding: a phage coat protein in fusion with a heterologous 
targeting protein that specifically binds to an internalizing cell surface receptor and is 
internalized into a cell beating said receptor, and a heterologous nucleic acid in an 
expression cassette allowing transcription of the heterologous nucleic acid inside said cell as 
described herein. In one preferred embodiment, the heterologous nucleic acid transcribes a 
25 gene product (e.g., antisense molecule, ribozyme, polypeptide) other than, or in addition to, a 
reporter gene or selectable marker 

This invention also provides a kit for transducing a target cell The kit 
preferably aphage, and/or phage DNA, and/or phagemid DNA and/or cell(s) containing 
phage and/or phagemid DNA, and/or cells containing phage particles as described herein. In 
30 on particular preferred embodiment, the kits include a phage or phagemid vector encoding: a 
phage coat protein in fusion with a heterologous targeting protein that specifically binds to 
internalizing cell surface receptor and is internalized into a cell bearing said receptor, and 
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a pair of restriction sites that allow insertion of a heterologous nucleic acid into the phage or 
phagemid vector. The restriction sites are preferably situated in an expression cassette such 
that a gene or cDNA inserted between said restriction sites is operably linked to a promoter 
and is transcribed, and optionally translated, when said expression cassette is transduced into 
a target cell. 

DEFINITIONS 

As used herein, an "antibody" refers to a protein consisting of one or more 
polypeptides substantially encoded by immunoglobulin genes or fragments of 
immunoglobulin genes. The recognized immunoglobulin genes include the kappa, lambda, 
alpha, gamma, delta, epsilon and mu constant region genes, as well as myriad 
immunoglobulin variable region genes. Light chains are classified as either kappa or 
lambda. Heavy chains are classified as gamma, mu, alpha, delta, or epsilon, which in turn 
define the immunoglobulin classes, IgG, IgM, IgA, IgD and IgE, respectively. 

A typical immunoglobulin (antibody) structural unit is known to comprise a 
tetramer. Each tetramer is composed of two identical pairs of polypeptide chains, each pan- 
having one "light" (about 25 kD) and one "heavy" chain (about 50-70 kD). The N-terminus 
of each chain defines a variable region of about 100 to 110 or more amino acids primarily 
responsible for antigen recognition. The terms variable light chain (V L ) and variable heavy 
chain (Vh) refer to these light and heavy chains respectively. 

Antibodies exist as intact immunoglobulins or as a number of well 
characterized fragments produced by digestion with various peptidases. Thus, for example, 
pepsin digests an antibody below the disulfide linkages in the hinge region to produce 
F(ab)' 2l a dimer of Fab which itself is a light chain joined to V H -C H 1 by a disulfide bond 
The F(ab)' 2 may be reduced under mild conditions to break the disulfide linkage in the hinge 
region thereby converting the (Fab^ dimer into an Fab 1 monomer. The Fab' monomer is 
essentially an Fab with part of the hinge region (see, Fundamental Immunology, W.E. Paul, 
e&, Raven Press, N.Y. (1993), for a more detailed description of other antibody fragments). 
While various antibody fragments are defined in terms of the digestion of an intact antibody, 
one of skill will appreciate that such Fab' fragments may be synthesized de novo either 
chemically or by utilizing recombinant DNA methodology. Thus, the term antibody, as used 
herein also includes antibody fragments either produced by the modification of whole 
antibodies or synthesized de novo using recombinant DNA methodologies. Preferred 
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antibodies include single chain antibodies (antibodies that exist as a single polypeptide 
chain) more preferably single chain Fv antibodies (scFv or scFv) in which a variable heavy 
and a variable light chain axe joined together (directly or through a peptide linker) to form a 
continuous polypeptide. The single chain Fv antibody is a covalently linked V H -V L 
heterodimerwhichmaybeexp^ 

sequences either joined directly or joined by a peptide-encoding hnker. Huston, « al (1988) 
Proc Nat.Acad.Sci. USA. 85: 5879-5883. While the V H and V L are connected to each as a 
single polypeptide chain, the V H and V L domains associate non-covalently. The first 
functional antibody molecules to be expressed on the surface of filamentous phage were 
single-chain FVs (scFv), however, alternative expression strategies have also been 
successful. ForexampleFabmoleculescanbedisplayedonphageifoneofthechams 
(heavy or light) is fused to g3 capsid protein and the complementary chain exported to the 
periplasm as a soluble molecule. The two chains can be encoded on the same or on different 
replicons; the important point is that the two antibody chains in each Fab molecule assemble 
post-translationally and the dimer is incorporated mto the phag, particle via linkage of one 
of& echainstog3 P (^,,.,U.S.PatentNo:5733743). The scFv antibodies and a number 
of other structures converting the naturally aggregated, but chenucaHy separated hght and 
heavy polypeptide chains from an antibody V region into a molecule that folds into a three 
dimensional structure substantially similar to the structure of an antigen-bindmg s:te are 
known to those of skill in the a* (see , g ., U.S. Patent No, 5,091,513, 5,132,405, and 
4 956 778) Particularly preferred antibodies include all those that have been displayed on 
phage'l think preferred antibodies should include all that have been displayed on phage (,g., 
scFv Fv, Fab and disulfide linked Fv(Reitere^. (1995) Protein Eng. 8: 1323-1331). 

An "antigen-bmding site" or "binding portion" refers to the part of an 
i^unoglobulinmolecule that participates in antigen binding. The antigen binding site, 

and light m chains. Three highly divergent stretches within the V regions of the heavy 
and light chains are referred to as "hypervariable regions" which are interposed between 
«erved fianking fetches known as Rework regions" or "FRs". Thus, t^e term 
, "FR" refers to amino acid sequences which are naturally found between and adjacent to ^ 
nypervariableregionsmu^unoglobulins. m an anU^ody molecule, me toee hynervanable 
regions of a hght chain and the three hypervariable regions of a heavy chain are dasposed 
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relative to each other in three dimensional space to form an antigen binding "surface"- TMs 
surface mediates recognition and binding of the target antigen. The three hypervariable 
regions of each of the heavy and light chains are referred to as "complementarity 
detennining regions" or "CDRs" and are characterized, for example by Kabai et al 

5 Sequences of proteins of immunological interest, 4th ed. U.S. Dept. Health and Human 
Services, Public Health Services, Bethesda, MD (1987). 

As used herein, the terms "immunological binding" and "immunological 
binding properties" refer to the non-covalent interactions of the type which occur between an 
immunoglobulin molecule and an antigen for which the immunoglobulin is specific. The 

1 0 strength or affinity of immunological binding interactions can be expressed in terms of the 
dissociation constant (K*) of the interaction, wherein a smaller Kd represents a greater 
affinity. Immunological binding properties of selected polypeptides can be quantified using 
methods well known in the art. One such method entails measuring the rates of antigen- 
binding site/antigen complex formation and dissociation, wherein those rates depend on the 

1 5 concentrations of the complex partners, the affinity of the interaction, and on geometric 
parameters that equally influence the rate in both directions. Thus, both the "on rate 
constant" (kon) and the "off rate constant" (kog) can be determined by calculation of the 
concentrations and the actual rates of association and dissociation. The ratio of kos/kon 
enables cancellation of all parameters not related to affinity and is thus equal to the 

20 dissociation constant ¥U {see, generally, Davies et al (1990) Ann. Key. Biochem., 59: 439- 
473. 

The phrase "specifically binds to a protein" or "specifically immunoreactive 
with", when referring to an antibody refers to a binding reaction which is determinative of 
the presence of the protein in the presence of a heterogeneous population of proteins and 

25 other biologies. Thus, under designated immunoassay conditions, the specified antibodies 
bind to a particular protein and do not bind in a significant amount to other proteins present 
in the'sample. Specific binding to a protein under such conditions may require an antibody 
that is selected for its specificity for a particular protein. For example, F5 or CI antibodies 
can be raised to the c-erbB-2 protein that bind c-erbB-2 and not to other proteins present in a 

30 tissue sample. A variety of immunoassay formats may be used to select antibodies 

specifically immunoreactive with a particular protein. For example, solid-phase ELISA 
immunoassays are routinely used to select monoclonal antibodies specifically 
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nnmunoreactivewithaprotem. See Harlow and Lane (1988) Antibodies, A Laboratory - 
Manual, Cold Spring Harbor Publications, New York, for a description of immunoassay 
formats and conditions mat can be used to determine specific irnmunoreactivity. 

The terms "polypeptide", "peptide", or "protein" are used interchangeably 
herein to designate a linear series of amino acid residues connected one to the other by 
peptide bonds between the alpha-amino and carboxy groups of adjacent residues. The ammo 
acid residues are preferably in the natural "L" isomeric form However, residues m the "D" 
isomeric form can be substituted for any L-amino acid residue, as long as the desired 
functional property is retained by the polypeptide. In addition, the amino acids, in addiUon 
to the 20 "standard" amino acids, include modified and unusual amino acids, which include, 
but are not limited to those listed in 37 CFR 31.822(b)(4). Furthermore, it should be noted 
that a dash at the beginning or end of an amino acid residue sequence indicates either a 
peptide bond to a further sequence of one or more amino acid residues or a covalent bond to 
acarboxylorhydroxylendgroup. 

The term "binding polypeptide" refers to a polypeptide that specifically binds 
to a target molecule (, g . a cell receptor) in a manner analogous to the binding of an antibody 
to an antigen. Binding polypeptides are distinguished from antibodies in that binding 
polypeptides are not ultimately derived from immunoglobulin genes or fragments of 

immunoglobulin genes. 

The term "conservative substitution" is used in reference to proteins or 
peptides to reflect amino acid substitutions that do not substantially alter the activity 
(specificity or binding affinity) of the molecule. Typically conservative ammo ac:d 
substitutions involve substitution one amino acid for another amino acid with similar 
chemical properties (*.*• charge or hydrophobic^). The following six groups each contain 
25 amino acids that are typical conservative substitutions for one another: 

1) Alanine (A), Serine (S), Threonine (T); 

2) Aspartic acid (D), Glutamic acid (E); 

3) Asparagine (N), Glutamine (Q); 

4) Arginine (R), Lysine (K); 

30 5) isoleucine (I), Leucine (L), Methionine (M), Valine (V); and 

6) Phenylalanine (F), Tyrosine (Y), Tryptophan (W). 



15 



20 
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The term "nucleic acid" refers to deoxyribonucleotides or ribonucleotides and 
polymers thereof in either single- or double-stranded form. Unless specifically limited, the 
term encompasses nucleic acids containing known analogues of natural nucleotides which 
have similar binding properties as the reference nucleic acid and are metabolized in a manner 
5 s imil ar to naturally occurring nucleotides. The term also includes peptide nucleic acids. 
Unless otherwise indicated, a particular nucleic acid sequence also implicitly encompasses 
conservatively modified variants thereof {e,g. degenerate codon substitutions) and 
complementary sequences and as well as the sequence explicitly indicated. 

Specifically, degenerate codon substitutions may be achieved by generating 

10 sequences in which the third position of one or more selected (or all) codons is substituted 
with mixed-base and/or deoxyinosine residues (Batzer et al (1991) Nucleic Acid Res. 19: 
5081; Ohtsuka et al (1985) 1 Biol Chem. 260: 2605-2608; and Cassol et al (1992); 
Rossolini et al, (1994) MoL Cell Probes 8: 91-98). The term nucleic acid is used 
interchangeably with gene, cDNA, and mKNA encoded by a gene. 

15 The terms "isolated" or "biologically pure" refer to material which is 

substantially or essentially free from components which normally accompany it as found in 
its native state. However, the term "isolated" is not intended refer to the components present 
in an electrophoretic gel or other separation medium. An isolated component is free from 
such separation media and in a form ready for use in another application or already in use in 

20 the new application/milieu. 

The term "expression cassette", refers to nucleotide sequences which are 
capable of affecting expression of a structural gene in hosts compatible with such sequences. 
Such cassettes include at least promoters and optionally, transcription termination signals. 
Additional factors necessary or helpful in effecting expression may also be used as described 

25 herein. 

The term "operably linked" as used herein refers to linkage of a promoter 
upstream from a DNA sequence such that the promoter mediates transcription of the DNA 
sequence. 

A fusion protein is a chimeric molecule in which the constituent molecules 
30 are all polypeptides and are attached (fused) to each other through terminal peptide bonds so 
that the chimeric molecule is a continuous single-chain polypeptide. The various 
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constituents can be directly attached to each other or can be coupled through one or more " " 
peptide linkers. 

A "target" cell refers to a cell or cell-type that is to be specifically bound by a 
member of aphage display library or a chimeric molecule of this invention. Preferred target 
5 cells are cells for which an intemalizmg antibody or binding polypeptide is sought The 
target cell is typically characterized by the expression or overexpression of a target molecule 
that is characteristic of the cell type. Thus, for example, a target cell can be a cell, such as a 
tumor cell, that overexpresses a marker such as c-erbB-2. 

A "targeting moiety" refers to a moiety (e.g. a molecule) that specifically 
0 binds to the target molecule. Where the target molecule is a molecule on the surface of a cell 
and the targeting moiety is a component of a chimeric molecule, the targeting morety 
specifically binds the chimeric molecule to the cell bearing the target. Where the targeting 
moiety is a polypeptide it can be referred to as a "targeting polypeptide". 

The terms "intemalizmg" or "internalized" when used in reference to a cell 
L5 refextometran S portofamoiety(,g.phage)fromoutsidetoinsideace^ The internalized 
moiety can be located in an intracellular compartment, e.g. a vacuole, a lysosome, the 
endoplasmic reticulum, the golgi apparatus, or in the cytosol of the ceU itself. 

An internalizing receptor or marker is a molecule present on the external cell 
surface that when specifically bound by an antibody or binding protein results in the 
20 mtemaJizationofmatantibodyorbmdmgprotemintothecell. Intemalizmg receptors or 
markers include receptors (,*-, hormone, cytokine or growth factor receptors) hgands and 
other cell surface markers binding to which results in internalization. ] 

The term "heterologous nucleic acid" refers to a nucleic acid that is not native 
to the cell in which it is found or whose ultimate origin is not the cell or cell line in which 
25 the "heterologous nucleic acid" is currently found. 

The idiotype represents the highly variable antigen-binding site of an 
antibody and is itself immunogenic. During the generation of an antibody-mediated immune 
response, an individual will develop antibodies to the antigen as well as antr-idrotype 
antibodies, whose immunogenic binding site (idiotype) mimics the antigen. Anti-rdrotypic 
30 antibodies can also be generated by immunization with an antibody, or fragment thereof., 
A "phage display library" refers to a collection of phage (e.g., filamentous 
phage) wherein the phage express an external (typically heterologous) protein. The external 
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protein is free to interact with (bind to) other moieties with which the phage are contacted.'" 
Each phage displaying an external protein is a "member" of the phage display library. 

An "antibody library" refers to phage display library that displays antibodies 
(binding proteins encoded by one or more antibody genes or cDNAs). The antibody library 
5 includes the population of phage or a collection of vectors encoding such a population of 
phage, or cell(s) harboring such a collection of phage or vectors. The library can be 
monovalent, displaying on average one single-chain antibody per phage particle or multi- 
valent displaying, on average, two or more single chain antibodies per viral particle. 
Preferred antibody libraries comprise on average more than 10 6 , preferably more than 10 7 , 

10 more preferably more than 10 8 , and most preferably more than 10 9 different members (Le. 
encoding that many different antibodies). 

The term "filamentous phage" refers to a viral particle capable of displaying a 
heterogenous polypeptide on its surface. Although one skilled in the art will appreciate that a 
variety of bacteriophage may be employed in the present invention, in preferred 

15 embodiments the vector is, or is derived from, a filamentous bacteriophage, such as, for 

example, fl, fd, Pfl, M13, etc. The filamentous phage may contain a selectable marker such 
as tetracycline (e.g. t "fd-tet"). Various filamentous phage display systems are well known to 
those of skill in the art (see, e.g., , Zacher et al (1980) Gene 9: 127-140, Smith et a/.(1985) 
Science 228: 1315-1317 (1985); and Pannley and Smith (1988) Gene 73: 305-318). 

20 A "viral packaging signal" is a nucleic acid sequence necessary and sufficient 

to direct incorporation of a nucleic acid into a viral capsid 

An assembly cell is a cell in which a nucleic acid can be packaged into a viral 
coat protein (capsid). Assembly cells may be infected with one or more different virus 
particles (e.g. a normal or debilitated phage and a helper phage) that individually or in 

25 combination direct packaging of a nucleic acid into a viral capsid 

The term "detectable label" refers to any material having a detectable physical 
or chemical property. Such detectable labels have been well-developed in the field of 
immunoassays and, in general, any label useful in such methods can be applied to the present 
invention. Thus, a label is any composition detectable by spectroscopic, photochemical, 

30 biochemical, immunochemical, electrical, optical or chemical means. Useful labels in the 
present invention include magnetic beads (e.g. DynabeadsTM), fluorescent dyes (e.g., 
fluorescein isothiocyanate, Texas red, rhodamine, and the like), radiolabels (e.g., ^ I25 I, 
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" S «c or 32 P) enzymes (e.g., LacZ, CAT, horse radish peroxidase, alkaline phosphatase" - 
and others, commonly used as detectable enzymes, either as marker gene products or m an 
ELISA) and colorimetric labels such as colloidal gold or colored glass or plastic (e.g. 
polygene, polypropylene, latex, etc.) beads. Those detectable labels mat can be expressed 
by nucleic acids are referred to as "reporter genes" or "reporter gene products . 

It will be recognized that fluorescent labels are not to be limited to single 
species organic molecules, but include inorganic molecules, multi-molecular mixtures of 
cyanic and/or inorganic molecules, crystals, heteropolymers, and the like. Thus, for 
ex'ample, CdSe-CdS core-shell nanocrystals enclosed in a silica shell can be easily 
derivauzed for coupling to abiological molecule (Bruchez et al. (1998) Science, 281: 2013- 
2016) Similarly, highly fluorescent quantum dots (zinc sulfide-capped cadmium selemde) 
have been covalently coupled to biomolecules for use in ultrasensitive biologKal detects 
(Warren and Nie (1998) Science, 281: 2016-2018). 

A nuclear localization signal is a nucleic acid sequence that directly or 
indirectiy results in localization of me nucleic acid to the cell nucleus. Nuclear localizanon 
sequences (NLS) are well known to those of skill in the art In most cases 
either of a short division of basic amino acids, for example as shown for the NLS of SV40 T 
antigen (PKK3CRKV). Alternatively, the NLS may have a biparfte structure composed of 
two stretches of basic residues separatedby a spacer of about 10 amino acids. (Dingwell et 
al (1991) Trends Biochem. Sci. 16: m). In the practice of the invention, any NLS 
sequences that functions to dhect me localization of PUR to the nucleus may be mcorporated 

into the phage or phagemid vectors. 

An endosomal escape sequence is a nncleic acid sequence that directly or 
indhectiy .esute m to transport of a metarule from to endosome into to cytoplasm of a 
can. Endosomal escape sequences (eg. vW escpe mechanisms) are weB toown to those 
of sHt, in to art Examples inch.de, hut axe no, limited to to co-in.enrah.ahon system 
adenovirus (Curiae (1991)^.^^. Sci. USA. 8: 8850-8854), and to 
influenza virai peptides known .oparticipare in endosomal esoape mechsursms fWtley an 

«: 365-394; Wagner era). (1991) ProcMAaJ.Sc, 

3 USA. 89: 7934-7938). 

The Mowing abbreviations are used herein: AMP, amptcrlhn; e-erbB-Z 
BCD, extracellular domain of c-erbB-2; CDR, complementarity determining region; ELISA, 
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enzyme linked immunosorbent assay, FACS, fluorescence activated cell sorter, FR, . 
framework region; Glu, glucose; HBS, hepes buffered saline, 10 mM hepes, 150 mM NaCl, 
pH 7.4; IMAC, immobilized metal affinity chromatography, k<, n , association rate constant; 
ko& dissociation rate constant; MPBS, skimmed milk powder in PBS; MTPBS, skimmed 

5 milk powder in TPBS; PBS, phosphate buffered saline, 25 mM NaH 2 PC>4, 125 mM NaCl, 
pH 7.0; PCR, polymerase chain reaction; RU, resonance units; scFv or scFv, single-chain Fy 
fragment; TPBS, 0.05% v/v Tween 20 in PBS; SPR, surface plasmon resonance; V k , 
immunoglobulin kappa light chain variable region; Vx, immunoglobulin lambda light chain 
variable region; Vl, immunoglobulin light chain variable region; Vh, immunoglobulin heavy 

1 0 chain variable region; wt, wild type. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Figure 1 illustrates the method for construction of a large human scFv phage 
antibody library. The strategy for library construction involved optimizing the individual 
steps of library construction to increase both the efficiency of scFv gene assembly and to 

15 increase the efficiency of cloning assembled scFv genes. (A). First, mRNA from 

lymphocytes was used to generate V H and V L gene repertoires by RTPCR which were 
cloned into different vectors to create V H and V L gene libraries of 8.0 x 1 0 8 and 12 x 1 0 6 
members respectively. The cloned V-gene libraries provided a stable and limitless source of 
V H and V L genes for scFv assembly. DNA encoding the peptide (G4S>3 was incorporated 

20 into the 5' end of the V L library. This permitted generation of scFv genes by PCR splicing 2 
DNA fragments. Previously, scFv gene repertoires were assembled from 3 separate DNA 
fragments consisting of Vh, Vl, and linker DNA. (B) V H and V L gene repertoires were 
amplified from the separate libraries and assembled into an scFv gene repertoire using 
overlap extension PCR The primers used to reamplify the V H and Vl gene repertoires 

25 annealed 200 bp upstream of the 5' end of the V H genes and 200 bp down stream of the V L 
genes. These long overhangs ensured efficient restriction enzyme digestion.(C.) The scFv 
gene repertoire was digested with Ncol and NotI and cloned into the plasmid pHENl as 
fusions with the Ml 3 gene HI coat protein gene ( ) for phage-display. 

Figures 2A 2B, and 2C show schematics illustrating antibody phage display: 

30 Cartoon of phage displaying (2 A) a single scFv (2B) a single diabody or (2C) multiple scFv. 
scFv = single chain Fv antibody fragment, Vh = Ig heavy chain variable domain; V^ = Ig 
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scFv 

Figure 3 shows the effect of trypsinizadon on the enrichment of anugen 
specificphage. Amixmreoffdphage (5.0, W *> «d<« ***** 
I) was Wtf with SKBR3 calls for 2 hours a. 37- C. Washes were performed eaftex as 

«i,er=dtafhepies H ,ceofampi=UJm(C6.5phagemid)ort= tt acy=liBe(fdphage). 

Fig.se 4 shows me effect of incubanon toe asrd chloroouine on the recovery 
of antigen specific phage. SJ3R3 cells were incubated in the presence (M, •) or 
(O O of chlorcnhae (50 pM) for 2 hours prior to doe addition of anu-bonahnum phagenud 
« ■) or C6.5 scFvphagemid (O, .),.5. 1* cfu/ml). Cell samples weretaksn a, 0 
L2. 20 mmurea, 1 bo. or 3 hours after phage addition, washed as described m Ptgure 
iucludrngmetrypsimzadonstepandintracellul^phagesbtered. 

Figure 5 shows the effect of phage concentration on the recovery 01 
tabular phage. Various concentrations of C6.5 seFv phagemid C6ML3-9 scFv 

t. « t m-M cells grown in 6-weU plates for 2 hours at 37 C. Cells were 

rr^edTC— — — — ~- 

^^^^^^^^pn^dssndphages 

packagmg a eutaryonc reporter gene. Left column: H*r phage » -ad to inf^TG. 
Lt^gpHEN-FS^.aphagenndcomposedofanfforigmofrepbcanonWe 

scFv g^e fused to gene HI and an encode GFP reporter gene TO 

scFv-pffl fission protein and 99% of mom package the GFP reporter gene. Ragh. col 
^L 2 F5srvgeneisc,onedm to da S fdph^eg=nomefor^on^m 

^ion. fd-F5 phages are u^onafeetTG, containing a GFP raporrerphagemrd^ 
(poDNA3-GFP). Phages purified fiom me culbzre supernal, display mnlnple scFv^m 
,0 fusion protein and approximately 50% package the GFP reporter gene. 

Figure 7 shows a comparison of snti-ErbB2 phagemid and phage bmdmg on 
eeUs. 10* E mB2 jessing SKBR3 cells were incubated wim increasing concentrations of 
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F5-phagemids (circles) or fd-F5-phages (squares) at 4°C for 1 hour. Cell surface bound "' 
phages were detected with biotinylated anti-M13 and strep tavidin-PE. Binding was detected 
by FACS and the results expressed as mean fluorescent intensity (MFI). 

Figures 8A and 8B illustrate phagemid-mediated gene transfer in breast 
5 cancer cell lines. (Fig. 8A) (1, 2, 3) 2.0 x 10 5 MCF7 (low ErbB2 expression) or (4, 5, 6) 2.0 
x 10 5 SKBR3 (high ErbB2 expression) cells grown in 6-well plates were incubated with 
either no (1,4) no phage, (2, 5) 5,0 x 10 12 cfu/ml of helper phage packaging GFP or (3, 6) 
5.0 x 10 11 cfu/ml of F5-GFP-phagemids for 48 hrs. Cells were trypsinized and GFP 
detected by FACS. (Fig. 8B) An equal number of MCF7 and SKBR3 cells (1.0 x 10 5 ) were 

10 grown together and incubated with 5.0 x 10 11 cfu /ml of F5-GFP-phagemids for 48 hrs. Cells 
were trypsinized and stained for ErbB2 expression using 4D5 antibody and ihodamine 
conjugated sheep anti-mouse Ig to discriminate SKBR3 (Region Rl) and MCF7 (Region R2) 
cells. The GFP content of each subpopulation was determined by FACS. 

Figures 9 A, 9B, 9C, and 9D show concentration dependence and time course 

15 of phagemid mediated GFP expression in SKBR3 cells. Figures 9A and 9B show 

concentration dependence of phagemid and phage mediated GFP expression in SKBR3 cells. 
5.0 x 10 4 cells were grown in 24-well plates and incubated with increasing concentrations of 
F5-GFP-phagemid (squares), fd-F5-GFP-phage (diamonds) or GFP -helper phage (circles). 
After 60 hrs, the cells were trypsinized and analyzed by FACS for GFP expression. Figures 

20 9C and 9D show the time dependence of phagemid mediated GFP expression in SKBR3 

cells. 5.0 x 10 4 cells were incubated with 5.10 11 cfu/mL of F5-GFP-phagemid and analyzed 
for GFP expression by FACS. For incubation times greater than 48 hrs, the phage were 
added to 2.5 x 10 4 cells and the culture medium was replaced by fresh medium after 48 hrs 
of incubation- The results are expressed as (9 A, 9C) % of GFP positive cells and (9B, 9D)) 

25 MFI of the GFP positive cells. 

DETAILED DESCRIPTION 

L Transfection of cells using targeted phage. 

This invention provides methods and materials for transfecting cells using 
targeted phage. In general the methods involve providing a phage displaying an external 
30 binding protein or antibody and containing a heterologous nucleic acid (heterologous to the 
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pha*e and/or to the cell). The external binding protein preferably specifically binds to an . 

internalizing marker (receptor/receptor epitope) which results in internalization of the phage. 

Once internalized, the phage coat protein dissociates and the single stranded phage DNA 

genome is optionally expressed by the host cell machinery. 

The antibody phage containing the heterologous nucleic acid can be prepared 
hy a number of methods well known to those of skill in the art In general these methods 
involve providing cells containing phagemid vector encoding the heterologous targeting 
protein or nucleic acid that is to be transfected into the cell and a corresponding page (,g. 
helper phage) containing nucleic acid encoomg a targetmg polypeptide or the heterologous 
nucleic acid that is to be transfected into the target cell. A bacterial (e.g. E. cp/i) cell is then 
infecting with the phage or phagemid or cotransfected with the phage or phagemid nucleic 
acids which are then repackaged into phage containing the desired nucleic acids. Several 
approaches are illustrated in Table 1 . 

Table 1. Strategies for the construction of phage nncleicaci^^ 

this invention. _ Action " To Produce 

E coli contains 



Phagemid encoding 
Heterologous DNA; and 
DNA encoding scFv 



Phagemid encoding 
heterologous DNA 



Infect with helper 
phage. 



Infect with helper 
phage containing 
nucleic acid encoding 
targeting polypeptide 
(scFv) on its surface 



No phagemid or phage 



No phagemid or phage 



Ho-transform cell with 
phagemid and phage 
DNA and co-select, 
e.g., with antibiotics. 

Infect cell with phage 
containing both 
heterologous DNA and 
DNA encoding 
targeting polypeptide. 



Phage containing both heterologous 
nucleic acid sequences (targeting 
protein and heterologous DNA) and 
expressing targeting polypeptide 
(e.g. scFv) on surface. 

1) Phage containing targeting protein 
on surface and heterologous DNA 
(from phagemid clone); and 

2) Phage containing targeting protein 
on surfece and nucleic acid encoding 
targeting protein (from phage clone) 

Phage containing both heterologous 
nucleic acid sequences (targetmg 
protein and heterologous DNA) and 
expressing targeting polypeptide on 
surface. 

Phage con tainin g both heterologous 
nucleic acid sequences (targeting 
protein and heterologous DNA) and 
expressing targeting polypeptide on 
surface. 
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Nophagemidorphage Infect cell with phage 1) Phage containing targeting 

containing polypeptide and heteroioeous'DNA; 
heterologous DNA and and. 
phagemid containing 2) Phage containing only 
targeting polypeptide heterologous DNA. 
(e.z., scFv). 

*phagemid contains packaging signal. ~~ " — ——————— 

In a preferred embodiment, phage expressing the targeting molecule on their 
surfece are used as helper phage (see Maniatis) to package the genome of a phagemid 
containing the heterologous DNA (e.g. a mammalian expression cassette). 

In one preferred embodiment, this involves subcloning the targeting protein 
gene from the pHENl vector into a phage vector (such as FdDOGl (Clackson et al, Nature 
(1991) 352: 624-628) where it is located inframe with the phage gene HI. For example, 
targeting scFv can be cloned as ApaLl-NotI fragments into the ApaLl-NotI sites of 
FdDOGl. The phage genome leads to production of phage (from bacteria) which has the 
targeting protein on its surface and the phage genome inside. These phage are then used for 
superinfection of the phagemid containing bacterial cells. The phagemid vector DNA by 
definition contains a phage origin of replication and packaging signal. As a result, the phage 
genome products direct single stranded DNA synthesis of the phagemid DNA. The phage 
acts as a helper phage leading to the production of two types of phage particles, those that 
contain the phage genome and those that contain the phagemid genome. Using standard 
phage (such as Fd) as helper phage results in approximately an equal probability of the 
phage packaging either genome. All of the phage will also have the targeting protein on 
their surface as pin fusions. This is a simple way to generate phage that have the targeting 
molecule on their surface and the heterologous expression DNA inside the phage. While 
only a fraction (50%) of phage harbor the heterologous expression DNA, this is a large 
enough fraction given the high titer with which phage can be produced, to generate targeted 
phage. 

Packaging is rapid, simple and most importantly can avoid tedious and time 
consuming subcloning steps required to insert the DNA sequence that is to be delivered to 
the eukaryotic cells into the phagemid or phage vector harboring the DNA sequence of the 
targeting gene. Thus this approach provides a generic method for packaging any DNA into 
the targeting phage for delivery and expression in eukaryotic cells. This makes it simple to 
deliver and study the effects of a large number of different genes in eukaryotic cells. 
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It is noted that use of phage genome as a helper phage can lead to the problem 
of "interference" where the titer of phage generated is lower than expected (see Maniatis). It 
is also known to those skilled in the art, that a number of phage vectors exist which can 
overcome this problem. One of these, helper phage K07, uses aphage with aplasmid ongm 
of replication and a partially disabled phage origin of replication (see Maniatis). Use of K07 
as a helper phage leads to production of higher phage titers. Thus similar alternate phage 
vector backbones.could be used for creation of targeted helper phage to result in hxgher 
phage titers. 

In a variant of this embodiment, the bacteria can be co-transformed with 
phage and phagemid DNA and co-selected with antibiotics. Tne resulting cells contain both 
genomes and make phage containing both the heterologous targeting protein and the nucleic 

acid that is to be delivered into the celL 

In still another embodiment, the phage contains the heterologous nucleic acid 
that is to be delivered into the cell and the phagemid contains the nucleic acid encoding the 

heterologous targeting protein. 

In yet another embodiment, the phagemid genome containing the targeting 
molecule-pIH gene fusion is modified to contain the gene sequence that is to be delivered to 
the target eukaryotic cell (for example a mammalian expression cassette containing a 
reporter gene (or cDNA) and/or another gene or (cDNA)). Targeting phage are produced m 
the standard manner by the addition of helper phage. 

In still yet another embodiment, both the heterologous nucleic acid that is to 
be delivered into the cell and the heterologous nucleic acid encoding the targeting protein 
U g single-cham^od^aremsertedintothephage genome. The bacteria then need only 
. the page genome inside and will make phage with targeting protein on the outside and both 
genomes inside. 

While it is demonstrated herein that targeted phage can be delivered via an 
internalizing receptor into the endosome, it is recognized that other factors may reduce the 
efficiency of gene expression. The phage preferably from the endosome and uncoatmg 
facilitates exposure of the single stranded genome which then finds its way to the nucleus. 
) TheremesmglestrandedDNAisrephcatedtodoublestrandedDNAwmchism^ 

transcribed and translated. It is also recognized by those skilled in the art, that methods exist 
to improve the efficiency of each of these steps. For example, endosomal escape sequences 
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are known which can be incorporated into the phage coat proteins. Co incubation with . 
defective adenovirus would also provide endosome escape signals. Nuclear localization 
sequences are also known which could increase delivery to the nucleus. Inclusion of 
episomal replication sequences lead to amplification of the delivered DNA with an increase 
5 in the efficiency of expression. 

H. Target cells. 

Virtually any cell bearing an intern alizin g marker/receptor can be transfected 
using the methods of this invention. Using the assays described above and illustrated in the 
examples, internalizing phage display library members can be optimized for internalization 

10 by a particular marker. Alternatively or in addition, new, previously unknown receptors or 
epitopes can be identified and targeted. 

Targets can be selected that whose distribution is restricted to particular cell 
types, target tissues, organs, or cells and/or tissues and/or organs displaying a particular 
physiological state or pathological condition. Thus, for example, targets can be selected that 

15 are characteristic of particular tumor types. Tumor specific targets are well known to those 
of skill in the art and include, but are not limited to c-efbB-2, the IL-13 receptor, other 
growth factor receptors, and so forth. 

Alternatively, internalizing targets can be selected that are present on most or 
all cell types (e.g., transferrin receptor). Also, it is possible to select a phage library to 

20 identify such targeting molecules. For example, a scFv phage library can be selected 
without a subtracting cell line, or sequentially on unrelated cell lines. We in fact have 
already identified scFv using this approach that bind to all cell types tested. In this instance 
the transfection methods allow generalized transfection of essentially any and/or all cells or 
an organ, tissue, or organism. 

25 Tissue specific targets can also be identified. Thus, for example, it is noted 

that Ruoslahti et aL (U.S. Patent No: 5,622,699 have identified polypeptides that specifically 
target particular tissues (e.g. brain, kidney, etc.). 

JR. Transfected nucleic acids. 

Using the above-described methods, virtually any heterologous nucleic acid 
30 can be transfected into a celL Once in the cell, the nucleic acid will optionally be 

transcribed, and optionally translated, depending on the nature of the particular nucleic acids. 
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In one embodiment, the heterologous nucleic acid can encode a polypeptide gene product it- 
is desired to introduce into the cell. Such a polypeptide gene product may include areporter 
gene(eg. green fluorescent protein or 3 p-galactosidase). For killing a cell (such as a tumor 
cell) one might deliver the TK gene or the gene encoding a toxin (such as Pseudomonas 
exotoxin or subunits thereof, diphtheria toxin or subunits thereof, rich, abnn, etc.). 
Alternatively, the nucleic acid transcript can be active in its own right (** a nbozyme, an 

antisense molecule, etc.). 

Where a heterologous nucleic acid encodes a protein product that is to be 
expressed in the target cell, the heterologous nucleic acid preferably encodes an expression 
cassette compatible with the target cell. Thus, for example, where the target cell is a 
mammalian cell, the expression cassette preferably includes a promoter that is mducible or 
constitutive in a mammalian cell, an initiation site, and a termination site. The cassette can 
optionally include a selectable marker. 
tv TH^tifvin r intfaaaliaBg antibodies and/or tar 

A ) T^Titificationo fij.tr-rTiilHnr polypepfi^s/atitibodles. 

The transduction methods of this invention rely on the use of "intemalizmg 
^bodies-.or-intemali^ngpolypeptides". S^^^o^^^ 
whm they bmdatarget cell. M^rfid^tao^--bodl^^ 
areprovidedhereinandillustratedin the Examples. The methods generally mvolve 

anti-bodyorabmdingpolypepdd, The phage display library is preferably a ^polyvdent 
pn.ge display library and it is believed mat mis invention provides me first descnpton of a 

polyvalent antibody phage display library. 

After a suitable incubation period, the cells are washed to remove externally 

by ceHlysis. ^^M^***^^™^. 
Lgmelysatecontammgm^ 

bactedaleads to expansion ofthe phage which can be used for a subsequent round of 
JO selection. Each round of selection enriches for phage which are more effiaently 

internalized, more specific for the target cell or have improved binding charactens.es. 



WO 99/55720 



PCT/US99/07398 



-21- 

The phage display library is preferably contacted with a subtractive- cell line-- 
(i.e. a subtractive cell line is added to the target cells and culture media) to remove members 
of the phage display library that are not specific to the "target" cell(s). The subtractive cell 
line is preferably added under conditions in which members of the phage display library are 
5 not internalized (e.g., at a temperature of about 4°C to about 20°C, more preferably at a 
temperature of about 4°C) so that non-specific binding members of the library are not 
internalized (sequestered) before they can be subtracted out by the subtractive cell line. 

After subtracting out non-specific binding antibodies, the "target" cells are 
washed to remove the subtractive cell line and to remove non-specifically or weakly-bound 
10 phage." 

The target cells are then cultured under conditions where it is possible for 
internalization to occur (e.g. at a temperature of about 35°C to about 39°C, more preferably 
at a temperature of about 37°C). The duration of the internalization culture period will 
determine the internalization speed of the antibodies (phage display members) for which 

1 5 selection takes place. With shorter internalization periods more rapid internalizing 
antibodies are selected while with longer internalization periods slower internalizing 
antibodies are selected. The internalization period is preferably less than about 120 minutes, 
more preferably less than about 60 minutes, and most preferably less than about 30 minutes 
or even less than about 20 minutes. 

20 It is noted that during the internalization period the target cells are grown 

under conditions in which internalization can occur. For a number of cell lines, this involves 
culturing the cells adherently on culture plates. 

After internalization has been allowed to occur the target cells are washed to 
remove non-internalized (e.g. surface-bound phage). 

25 The cells can then be moved to clean media. In a preferred embodiment, 

whore the cells are adherent, they cells are trypsinized to free the cells from the extracellular 
matrix which may contain phage antibodies that bind the extracellular matrix. Freeing the 
cells into solution permits more through washing and moving of the cells to a new culture 
flask will leave behind any phage that may have stuck to the. tissue culture dish. 

30 The cells can then be washed with a large volume of PBS and lysed to release 

the inter naliz ed phage which can then be expanded e.g. used to infect E. coli to produce 
phage for the next round of selection. It is noted that there is no need to actually visualize 
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thai— ^ Si^-l^-^^^ 5 -^^ 
sufficient for recovering mtemalizing phage display members. 

m Ideatific atio B ^ inter^liriTi? receptors, 

Once an antibody or polypeptide that is internalized into a cell has been 

, *fe to identify the target recognized and bound by the antibody. Since the anUD y 

,0 -D. - -hen be — - — * - - « * ^ - * ^ - ^ 

Briefly m on. embodiment, affinity chmmarogmphy tnvolves nmnobtbzmg 

m ore species of the internalizing antibodies identified spooning to the 
15 support) one or more species oi- contacted 
ZL of mis — COBS, ceMar .yearn, or ccUniac 

20 to o™.omoscofsMninmcart(s ee ,e. S ..U.S.Pa.=ntNo S: 5,710^4,5,49 1 ,0 
= „e rwsi cud 907 4 985,144, 4,385,991, 3,983,001, etc.). 

W7W1, ' " ale, embodiment me ace nsed . — recipitafe *. 

. . „„ m c page eel which is Western 

,11 »♦» TheorecioitateisthenrunonanSDb-Jr'Aur.sci" 
target from ceU lysate. Tne precipe „*Wv to identify the 

, . wrftalMe The blot is probed with the precipitatmg antibody to idennry 
blotted onto nitrocellulose, inc ™ f n _ 
• ™l Theportionofmeblotcontaiimigmetargetcanmenbesenttor^ 

25 location of the target The porno 

The N-terminal sequence can then be usea to iucu / 
terminal protein sequencing. we « warn* «i OT cDNA 

libraries This approach has been used to identify the antigen bound by a phage an 
hbranes. Ha PP- ^ were ^ on intact Chlamydia trackomatx (a 

Selections of a phage antiDoayuoi j ^Wi^ were then used 

30 baomrtsln.eocganiamtna.canaesCblamydialdisenaes). Selected antibodies .ere 

as described above to identify the antigen bound. 
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O Assay Components 

1) Phage display library. 

a) Mono-yalent antibody libraries and polypeptide libraries. 

The ability to express polypeptide and antibody fragments on the surface of 
5 viruses which infect bacteria (bacteriophage or phage) makes it possible to isolate a single 
binding polypeptide or antibody fragment from a library of greater than 10 10 nonbinding 
clones. To express polypeptide or antibody fragments on the surface of phage (phage 
display), a polypeptide or an antibody fragment gene is inserted into the gene encoding a 
phage surface protein (pUI) and the antibody fragment-pIH fusion protein is displayed on the 

10 phage surface (McCafferty et al (1990) Nature, 348: 552-554; Hoogenboom et al (1991) 
Nucleic Acids Res. 19: 4133-4137). Since the antibody fragments on the surface of the 
phage are functional, phage bearing antigen binding polypeptides or antibody fragments can 
be separated from non-binding phage by antigen affinity chromatography (McCafferty et al 
(1990) Nature, 348: 552-554). Depending on the affinity of the antibody fragment, 

15 enrichment factors of 20 fold - 1,000,000 fold are obtained for a single round of affinity 
selection. By infecting bacteria with the eluted phage, however, more phage can be grown 
and subjected to another round of selection. In this way, an enrichment of 1000 fold in one 
round can become 1,000,000 fold in two rounds of selection (McCafferty et al (1990) 
Nature, 348: 552-554). Thus even when enrichments are low (Marks et al. (1991) /. Mol 

20 Biol 222: 581-597), multiple rounds of affinity selection can lead to the isolation of rare 
phage. Since selection of the phage antibody library on antigen results in enrichment, the 
majority of clones bind antigen after four rounds of selection. Thus only a relatively small 
number of clones (several hundred) need to be analyzed for binding to antigen. 

In a preferred embodiment, analysis for binding is simplified by including an 

25 amber codon between the antibody fragment gene and gene EL The amber codon makes it 
possible to easily switch between displayed and soluble (native) antibody fragment simply 
by changing the host bacterial strain (Hoogenboom et al (1991) Nucleic Acids Res. 19: 
4133-4137). 

Human antibodies can be produced without prior immunization by displaying 
30 very large and diverse V-gene repertoires on phage (Marks et al. (1991) J. Mol. Biol 222: 
581-597). In the first Example, natural Vh and repertoires present in human peripheral 
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canbeisolatedagainstaprotemantigen70/oofthetime.lb 

specific for^anfigenusedforselecnonandhaveaffim.esmthel^ 

5 Ul^gerpnageanubod^^^ * 
bmdmgaffinitytoagreaterproportionofantigens. 

The creation of a suitable large phage display antibody hbrary 
detail in Example 1. 

^ PoTyvale- ^ aaMbgdl nha^e display libraries 

The probability of selecting intemahzmg antibodies from a phage-display 
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receptors {e.g. growth factor receptors) activate upon binding their cognate ligand through a" 
process of homo- or heterodimerization (or trimerization, or tetramerizatian, etc.). The 
association of the receptor subunits in this process can be mediated directly (e.g. when 
bound by a bivalent ligand) or indirectly by causing a conformational change in the receptor. 

5 It was a discovery of this invention that polyvalent antibodies in a display 

library (e.g. a phage display library) can mimic this process, stimulate endocytosis, become 
internalized and deliver their payload into the cytosol. Thus, to increase the likelihood of 
identifying internalizing antibodies or recognizing internalizing epitopes, preferred 
embodiments of this invention utilize a polyvalent phage display antibody library. It is 

1 0 believed that no multivalent phage-display antibody libraries have been created prior to this 
invention. Unlike the multivalently displayed peptide phage libraries, phage antibody 
libraries typically display monomeric single chain Fv (scFv) or Fab antibody fragments 
fused to pin as single copies on the phage surface using a phagemid system (Marks et al 
(1991) J. MoL Biol 222: 581-597; Sheets et al (1998) Proc. Natl. Acad. Sci. USA 95: 6157- 

15 6162.). 

As used herein, a polyvalent phage display antibody library, refers to a library 
in which each member (e.g. phage particle) displays, on average) two or more binding 
domains, wherein each binding domain includes a variable heavy and a variable light region. 
More generally, a multivalent phage display library displays, on average, two or more pIU 
20 fusions per page particle. Polyvalent phage display can be achieved by expressing diabodies 
(Le., a protein formed by fusion or conjugation of two single chain antibodies (e.g. scFv)) or 
by display o£ on average, two or more antibodies on each phage particle.- In contrast, a 
mono-valent library displays, on average, one single-chain antibody per viral particle. 

i) Diabodv expression. 

25 Diabodies are scFv dinners where each chain consists of heavy (Vh) and light 

(V L ) chain variable domains connected using a linker (e.g. a peptide linker) that is too short 
to permit pairing between domains on the same chain, Consequently, pairing occurs 
between complementary domains of two different chains, creating a stable noncovalent 
dimer with two binding sites (Holliger et al (1993) Proc. Natl Acad. Set 90: 6444-6448). 

30 The C6.5 diabody was constructed by shortening the peptide linker between the Ig Vh and 
V L domains from 15 to 5 amino acids and binds ErbB2 on SKBR3 cells bivalently with a 
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approximaiely 40 fold lower than C6.5 (4.0 x 1<H<> M) (Adams et al. (1998) Brit. J. Canctr. 

77: 1405-1412, 1998). 

In Example 5, described herein, C6.5 diabody genes were subcloned for 
expression as pffl fusions in the phagemid pHEN-1 (Hoogenboom et al. (1991) Nucleic 
Acids Res 19:4133-4137). This yielded phagemid predominantly expressing a single scFv 
or diabody-pm fusion after rescue with helper phage (Marks et al. (1992) J. Biol. Chem. 
267- 16007-16010). Diabody phagemid display a bivalent antibody fragment resultmg from 
intennolecular pairing of one scFv-pin fusion molecule and one native scFv molecule. 
Using the teachings provided herein one of skill in the ait can routinely produce other 
diabodies. 

Phage displaying bivalent diabodies or multiple copies of scFv were more 
efficiently endocytosed than phage displaying monomeric scFv and recovery of infectious 
pha-e was increased by preincubation of cells with chloroquine. 

" = The results indicate that it is possible to select for endocytosable antibodies, 

even at the low concentrations that would exist for a single phage antibody member in a 
library of 10 9 members. 

ii ) Pnlwalent display of sing' *-"*"'" antibodies. 
As an alternative to the use of diabodies, antibody phage display libraries are 
created in which each viral particle, on average, expresses at least 2, preferably at least 3, 
more preferably at least 4, and most preferably at least 5 copies of a single cham antibody. 

In principle, each copy of pin on the page (and there is controversy as to 
whether there are 3 or 5 copies of pin per phage) should express an antibody. However, 
proteolysis occurs and the number actually displayed is typically less. Thus, preferred 
multivalent antibody libraries are constructed in a phage vector and not a phage mm vector. 
This means that helper phage need not be added to make phage. Helper phage bring mto the 
E. coli wild-type P ffl that competes with the scFv-pffl fusion. Thus, in phagenud vector, 
mis competition leas, on average, to only 1 (ore less) antibody per phage. 

To produce multivalent antibody libraries, the single chain antibodies, 
typically expressed in phagemid, are subcloned from the phagemid vector into a phage 
) vector. No helper phage is requu-ed and m^^^ 

and the fusion scFv pffl fusion, thus, on average, the phage display two or more pffl 
fusions. Thus, by way of illustration, Example 5 describes the subcloning of the C6.5 scFv 
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gene into the phage vector fd-Sfi/Not This results in phage with 3 to 5 copies each of scFv- 
pin fusion protein. Other phage vectors suitable for such use are well known to those of 
skill in the art 

2) Target cells. 

5 The target cells of this invention include any cell for which it is desired to 

identify an internalizing polypeptide or antibody or for which it is desired to identify an 
internalizing marker (e.g. receptor). The cells can include cells of multicellular eukaryotes, 
uni-cellular eukaryotes, including plants and fungi, and even prokaryoric cells. Preferred 
target cells are eukaiyotic, more preferably vertebrate cells, and most preferably mammalian 

10 cells {e.g. cells from murines, bo vines, primates including humans, largomorphs, canines, 
felines, and so forth). The cells can be normal healthy cells or cells characterized by a 
particular pathology (e.g. tumor cells). 

Target cells can include any cell type where it would be useful to: 1) have an . 
antibody specifically recognize the cell type or related cell types (for example for cell 

15 sorting, cell s taining or other diagnostic procedures); 2) have a ligand which is specifically 
internalized into the cell type or related cell types (for example to deliver a toxic or 
therapeutic gene or protein). Additional target cells include, but are not limited to 
differentiated cells {i.e. differentiated to become a tissue, e.g. prostate, breast). Thus an 
antibody that recognized and killed prostate cells would be good for prostate cancer even if it 

20 killed normal prostate cells (the prostate is not an essential organ). Target cells may include 
tissue specific cells, and cells at a given developmental stage. Target cells may also include 
precursor cells, e.g. bone marrow stem cells, would be useful for isolating, perhaps 
stimulating for differentiation- 
Target cells can also include cell lines transfected with a gene for a known 

25 receptor (for example ErbB2) to which it would be useful to have internalizing antibodies. 

Many ErbB2 antibodies are not internalizing. Rather than immunizing with 
recombinant protein or selecting a phage library on recombinant protein, selection on ErbB2 
transfected cells for internalization should yield precisely antibodies with the desired 
characteristics (internalization). Finally, a cDNA library could be transfected into a cell line 

30 (for example COS) from a desired target ceU line or tissue and phage antibodies selected for 
internalization. After several rounds of selection, the phage could be used to stain and sort 
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(for example by FACS) transfected cells. DNA can be recovered from the cells, yielding to 
sequences of intemalizmg receptors as well as phage antibodies that bind them. 

t. ) CMs of a 5 »^r a cfive cell line- 

In a preferred embodiment of the assays of this invention, the phage display 
5 library is contacted with cells from a •'subtractive" cell line. This step is intended to deplete 
or eliminate members of the phage display library that either bind the cells non-speofically 
or that bind to targets other than the target against which it is desired to obtain a bmdmg 
polypeptide or antibody. The contacting with the cells from a "subtractive" cell line can 
occur before, during, or after the target cells are contacted with members of the phage 
10 display library. However, ma preferred embodiment, the contacting with cells of a 

subtractive cell line is simultaneous with contacting of the target cells. Thus, for example, m 
a preferred embodiment the target cell line (grown adherent to a tissue culture plate) is co- 
incubated with the subtracting cell line (in suspension) in a single cell culture flask. 

Virtually any cell can act as a subtractive cell. However, in a preferred 
15 embodiment, subtractive cells display all the markers on the target cell except the marker 
(e g. receptor) that is to act as a target for selection of the desired binding antboches or 
bindingpolypeptide, Particularly preferred cells are thus closely related to the target cell(s), 
in terms of having common intemahzing cell surface receptors (such as transfers); for 
example fibroblasts. If one was selecting on atumor cell line (for example abreast tumor 
20 C enito>,thanonecomdneg^^ This may, however, 

deplete for antibodies that bind to overexposed antigens, so again a parallel path would be 
to negatively select on fibroblasts. If one was using transfected cells, than non-transfected 
cell could be used as the subtractive cell line. Where the tumor is epithelial in ongm, the 
preferred subtractive cell will also be epithelial and even more preferably from the same 

25 tissue or organ. 

Particularly preferred subtractive cells include, but are not hmited to, non- 
differentiated cell lines, non-transfected cells, mixtures of non-differentiated andnon-^ 
transfected cells. When selecting for internalization on tumor cells, preferred subtracts cell 
lines are preferably the non-tumor cells of the same tissue (for example, breast tumor cells 

30 versusnormalbreastepitheHalcells). Also, for cDNA expression libraries, the subtractrve 
cell line will be the non-transformed ceU line used for library construction {e.g. COS, CHO, 
etc.). 
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In one particularly preferred embodiment, the "target" cell is a cell 
transformed with a gene or cN=DNA for a specific target receptor. In this instance, the 
subtractive cell line is preferably the non-transformed cell line. Thus for example where 
CHO cells are transformed with a vector containing the gene for the EGF receptor, the EGF- 
5 expressing cells are used as the target cell line, and the subtractive cell line is the 

untransformed CHO cells. Using this approach internalizing anti-EGF receptor antibodies 
were obtained, r 

The subtractive cells are more effective when provided in excess over the 
target cells. The excess is preferably at least about a 2-fold to about a 1000-fold excess, 
1 0 more preferably about a 3-fold to about a 100-fold excess, and most preferably about a 5- 
fold to about a 50-fold excess. In one embodiment, a 5-fold excess is sufficient 

4) Wash in g steps. 

As indicated above a variety of washing steps are used in the methods of this 
invention. In particular, a "weak" washing step can be used to remove the subtractive cells 
15 and weakly or non-specifically binding members of the phage display library. A second 
strong w ashin g step is preferably used after internalization of members of the phage display 
library. The "strong" washing step is intended to remove tightly- and weakly-bound surface 
phage. 

Buffers and methods for performing weak and strong wash steps are well 
20 known to those of skill in the art. For example, weak washes can be done with standard 
buffers or culture media {e.g., phosphate buffered saline (buffer) DMEM (culture media), 
etc.). 

5) Culturmg under intern fll^ng co nditions. 

As explained above, the cells are preferably cultured under "internalizing" 
25 conditions. Inte rnalizin g culture conditions are conditions in which the cell when bound by 
a member of a phage display library at an appropriate (e.g. internalizing) site or receptor, 
transports the bound member into the cell. This can involve transport into a vesicle, into the 
endoplasmic reticulum, the golgi complex, or into the cytosol of the cell itself 

Internalizing conditions are most easily achieved when the cells are cultured 
30 under conditions that mimic those of the cell in its native state. Thus many cells, e.g. 

epidermal cells, preferably grow ad adherent layers attached to a basement membrane. Such 
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cells more effectively internalize binding polypeptides and antibodies when they are cultured 
as adherent monolayers. Chloroquine and serum free medium both avoid non speafic 
internalization and enhance specific internalization (Ugands in the serum that induce the 
internalization of receptor of interest and take with them non specific phages bemg m the 
neighborhood). In addition, for internalization to occur, the cells should be cultured at a 
temperature and pH that permits intemalizatior, Suitable temperature and P H range from 
about 35'C to about 39*C and from pH 6 to about pH 8, more preferably from about pH 6.5 
to about pH 7.5, with preferred temperature and pH being about 37°C and P H 7.5 
respectively. In a preferred embodiment, the cells are preincubated in serum culture medium 
for about two hours before adding the phages and the competitor (subtraction) cells. 

^ T,w,-fir a tion " f fatwnalfeed phage 

The internalized phage display library members can be identified directiy or 
indirectly Direct identification can be accomplished simply by visualizing the phage within 
a cell e g . via hnmunofluorescent or confocal microscopy. Phage internalization can be 
identified by their ability to deliver a reporter gene that is expressed withm the cell. The 
reporter gene can be one that produces a detectable signal a fluorescent (, g . lux green 
fluorescent protein, etc.) or colorimetric signal (,,. HRP, P -galactosidase) or can Uself be a 
selectablemarkerC,,. an antibiotic resistance gene). The use of bom 3-galactosidase and 
GFP as reporter genes in such phage is described herein. 

Alternatively, the phage display member can bear a marker {e.g. a label) and 
cells containing the internalized phage canbe detected sim ply by detection of the label (,g. 
in a flow cytometer). The direct methods preferably used for identification of the receptors 
or cells that are bound after selections are performed. It is noted that cell sorting approaches 
(FACs)will work with identification of either surface bound or 

presence of intemalizedphage prior to lysis. Direct methods are also used durmg the 
analysis phase to demonstrate that the phage selected are indeed internalized. 

' Alternatively the internalized phage display hbrary members can be identified 

indirectly In indirect detection methods the phage-display library members) do not need to 
; 0 bedetectedwhnemeyarepresentwithmthecelL It is sufficient that they simply have been 

internalized. 
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Indirect identification is accomplished for example, by isolating and 
expanding the phage that were internalized into the cells as described below. Indirect 
identification is particularly well suited where the identified phage display library members 
are going to be used in subsequent rounds of selection or to isolate bacteria harboring 
5 monoclonal phage genomes for subsequent monoclonal phage characterization (that is for 
the analysis of selection results). 

7) TsolaBon and expansion of internalized phape. 

It was a discovery of this invention that phage display library members that 
have been internalized into target cells (e.g. mammalian tumor cells) remain viable and can 
10 be recovered and expanded into a "selected" library suitable for subsequent rounds of 
selection and/or isolation and characterization of particular members. 

As used herein, the term "recovery" is intended to include recovery of the 
infectious phage and/or recovery of the phage antibody gene and/or recovery of a 
heterologous nucleic acid accompanying the antibody gene. 
15 The internalized phage can be isolated and expanded using standard methods. 

Typically these include lysing the cells (e.g. t with 100 mM triethylamine (high pH)), and 
using the lysate to infect a suitable bacterial host, e.g., E. coli TGI. The phage-containing 
bacteria are then cultured according to standard methods (see, e.g., Sambrook supra., Marks 
et al (1991) 1 Mot Biol. 222: 581-597). 

20 V. Libraries and vectors. 

In another embodiment, this invention provides libraries and vectors for 
practice of the methods described herein. The libraries are preferably polyvalent libraries, 
including diabody libraries and more preferably including multi-valent single chain antibody 
libraries (e.g. scFv), (e.g., expressed by phage). 

25 The libraries can take a number of forms. Thus, in one embodiment the 

library is a collection of cells containing members of the phage display library, while in 
another embodiment, the library consists of a collection of isolated phage, and in still library 
consists of a library of nucleic acids encoding a polyvalent phage display library. The 
nucleic acids can be phagemid vectors encoding the antibodies and ready for subcloning into 

30 a phage vector or the nucleic acids can be a collection of phagemid already carrying the 
subcloned antibody-encoding nucleic acids. 
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Other preferred vectors include the phage itself carrying expressing a . -- 
heterologous binding domain (e.g. an antibody) and containing a heterologous nucleic acid 
that is to be delivered into the target cell(s). While in some embodiments, the heterologous 
nucleic acid expresses a detectable label or is itself a label (e.g. a unique sequence detectable 
by hybridization or amplification [e.g. PCR) methods) in other embodiments, the 
heterologous nucleic acid includes a nucleic acid that encodes a molecule other than a 
detectable label {e.g. a polypeptide, an antisense molecule, a ribozyme, etc.). 

VT Transfor ation of cells. 

This invention provides new methods for effective transfection of cells both 
to vivo and ex vivo (in vitro). Virtually any cell, eukaryotic or prokaryotic, can be 
transfected according to the methods of this invention. Particularly preferred cells are 
eukaryotic cells, more preferably vertebrate (e.g., mammalian) cells. Other cells, however, 
can' also be transfected. Such cells include, but are not limited to bacterial cells (e.g. bactena 
not typically infected by phage), fungal or yeast cells (** to deliver a cytotoxin m the 
treatment of fungal or yeast infections), algal cells, insect cells, and the like. 

A virtually limitless variety of nucleic acids can be transfected into "target 
cells" The nucleic acids can be selected to express particular polypeptide^), or the nucleic 
acids can have an activity themselves (,g. antisense molecules, ribozymes). Such expressed 
heterologous genes (or cDNAs), antisense molecules, or ribozymes are useful m a wade 
variety of applications and, for example, have been used to correct acquired and inherited 
genetic defects, cancer, and viral infection in a number of contexts. 

The ability to express artificial genes in humans facilitates the prevention 
and/or cure of many important human diseases, including many diseases which are not 
amenable to treatment by other therapies. As an example, in vivo expression of cholesterol- 
regulating genes, genes which selectively block the replication of HIV, and tumor- 
suppressing genes in human patients dramatically improves the treatment of heart disease, 
AIDS and cancer, respectively. For a review of gene therapy procedures, see Anderson 
(1992) Science 256:808-813; Nabel andFelgner (1993) TJBTECH 11: 211-217; Mitam and 
Caskey (1993) TJBTECH \\: 162-166; Mulligan (1993) Science 926-932; Dillon (1993) 
TJBTECH 11: 167-175; Miller (1992) Nature 357: 455-460; Van Brunt (1988; 
Biotechnology 6(10): 1149-1 154; Vigne (1995) Restorative Neurology and Neuroscience 8: 
35-36- Kremer andPerricaudet (1995) British Medical Bulletin 51(1) 31-44; Haddada et al. 
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(1995) in Current Topics in Microbiology and Immunology Doerfler and Bohm (eds) - 
Springer-Verlag, Heidelberg Germany; and Yu et al. (1994) Gene Therapy 1: 13-26. 

Delivery of the gene or genetic material into the cell is the first critical step in 
gene therapy treatment of disease, in a wide variety of research systems, in the development 
5 of knockout (KO) mice, in the development and modification of cell lines, and the like. It 
will be appreciated that the transfection methods of this invention greatly facilitate the 
delivery of nucleic acids into cells in these and other contexts. 

Ex vivo transformation. 

For example, ex vivo cell transformation for diagnostics, research, or for gene 

1 0 therapy {e.g., via re-infusion of the transformed cells into the host organism) is well known 
to those of skill in the art In a preferred embodiment, cells are isolated from the subject 
organism, transfected a heterologous gene according to the methods of this invention, and re- 
infiised back into the subject organism {e.g., patient). Various cell types suitable for ex vivo 
transformation are well known to those of skill in the art. Particular preferred cells are 

15 progenitor or stem cells {see, e.g., Freshney et al (1994) Culture of Animal Cells, a Manual 
of Basic Technique, third edition Wiley-Liss, New York) and the references cited therein for 
a discussion of how to isolate and culture cells from patients). 

In one particularly preferred embodiment, stem cells are used in ex-vivo 
procedures for cell transformation and gene therapy. The advantage to using stem cells is 

20 that they can be differentiated into other cell types in vitro, or can be introduced into a 
mammal (such as the donor of the cells) where they will engraft in the bone marrow. 
Methods for differentiating CD34+ cells in vitro into clinically important immune cell types 
using cytokines such a GM-CSF, IFN-K and TNF-I are known (see, Inaba el al (1992) J. 
Exp. Med. 176: 1693-1702, and Szabolcs et al. (1995) 154: 5851-5861). 

25 Stem cells are isolated for transduction and differentiation using known 

methods. For example, in mice, bone marrow cells are isolated by sacrificing the mouse and 
cutting the leg bones with a pair of scissors. Stem cells are isolated from bone marrow cells 
by panning the bone marrow cells with antibodies which bind unwanted cells, such as CD4+ 
and CD8+ (T cells), CD45+ (panB cells), GR-1 (granulocytes), and lad (differentiated 

30 antigen presenting cells). For an example of this protocol see, Inaba et al (1992) /. Exp. 
Med. 176: 1693-1702. 
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In humans, bone marrow aspirations from iliac crests are performed e.g., 
under general anesthesia in the operating room. The bone mairow aspirations is 
approximately 1,000 ml in quantity and is collected from the posterior iliac bones and crests. 
If the total number of cells collected is less than about 2 x 108/kg, a second aspiration using 
the sternum and anterior iliac crests in addition to posterior crests is performed. During the 
operation, two units of irradiated packed red cells are adniinistered to replace the volume of 
• marrow taken by.the aspiration. Human hematopoietic progenitor and stem cells are 
characterized by the presence of a CD34 surface membrane antigen. This antigen is used for 
purification, e.g., on affinity columns which bind CD34. After the bone marrow is 
harvested, the mononuclear cells are separated from the other components by means of ficoll 
gradient centrifugation. This is performed by a semi-automated method using a cell 
separator (e.g., a Baxter Fenwal CS3000+ or Terumo machine). The light density cells, 
composed mostly of mononuclear cells are collected and the cells are incubated in plastic 
flasks at 370C for 1.5 hours. The adherent cells (monocytes, macrophages and B-Cells) are 
discarded. The non-adherent cells are then collected and incubated with a monoclonal anti- 
CD34 antibody (e.g., the murine antibody 9C5) at 40°C for 30 minutes with gentle rotation. 
The final concentration for the anti-CD34 antibody is 10 lg/ml. After two washes, 
paramagnetic microspheres (DynaBeads, supplied by Baxter Immunotherapy Group, Santa 
Ana, California) coated with sheep antimouse IgG (Fc) antibody are added to the cell 
suspension at a ratio of 2 cells/bead. After a further incubation period of 30 minutes at 40C, 
the resetted cells with magnetic beads are collected with a magnet. Chymopapain (supplied 
by Baxter Immunotherapy Group, Santa Ana, California) at a final concentration of 200 
U/ml is added to release the beads from the CD34+ cells. Alternatively, and preferably, an 
affinity column isolation procedure can be used which binds to CD34, or to antibodies bound 
to CD34 (see, the examples below). See, Ho et al. (1995) Stem Cells 13 (suppl. 3): 100-105. 
See also, Brenner (1993) Journal of Hematotherapy 2: 7-17. 

In another embodiment, hematopoietic stem cells are isolated from fetal cord 
blood. Yu et al. (1995) Proc Natl Acad. Sci. USA 92: 699-703 describe a preferred method 
of transducing CD34+ cells from human fetal cord blood using retroviral vectors. 

TV) Tn vivo trs» "«=f"""ation. 

The vectors of this invention (phage expressing a specific targeting antibody 
and containing a heterologous nucleic acid in an expression cassette) can be administered 
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directly to the organism for transduction of cells in vivo. Administration is by any- of the -• - 
routes normally used for introducing a molecule into ultimate contact with blood or tissue 
cells. The phage packaged nucleic acids are administered in any suitable manner, preferably 
with phaimaceutically acceptable carriers. Suitable methods of administering such packaged 

5 nucleic acids are available and well known to those of skill in the art, and, although more 
than one route can be used to administer a particular composition, a particular route can 
often provide a more immediate and more effective reaction than another route. 

Pharmaceutical^ acceptable carriers are determined in part by the particular 
composition being administered, as well as by the particular method used to administer the 

10 composition. Accordingly, there is a wide variety of suitable formulations of pharmaceutical 
compositions of the present invention. 

VIL Formulations for transformation of cells. 

As indicated above, particular when administered in vivo, the vectors of this 
invention (targeted phage containing heterologous nucleic acid(s)) are compounded in a 

15 formulation in combination with a phaimaceutically acceptable excipient (i.e. f a 

pharmaceutical formulation). Formulations suitable for oral administration can consist of (a) 
liquid solutions, such as an effective amount of the vectors) of this invention suspended in 
diluents, such as water, saline or PEG 400; (b) capsules, sachets or tablets, each containing a 
predetermined amount of the active ingredient, as liquids, solids, granules or gelatin; (c) 

20 suspensions in an appropriate liquid; and (d) suitable emulsions. Tablet forms can include 
one or more of lactose, sucrose, mannitol, sorbitol, calcium phosphates, corn starch, potato 
starch, tragacanth, macrocrystalline cellulose, acacia, gelatin, colloidal silicon dioxide, 
croscaimellose sodium, talc, magnesium stearate, stearic acid, and other excipients, 
colorants, fillers, binders, diluents, buffering agents, moistening agents, preservatives, 

25 flavoring agents, dyes, disintegrating agents, and pharmaceutically compatible carriers. 

Lozenge forms can comprise the active ingredient in a flavor, usually sucrose and acacia or 
tragacanth, as well as pastilles comprising the active ingredient in an inert base, such as 
gelatin and glycerin or sucrose and acacia emulsions, gels, and the like con t ai n i n g, in 
addition to the active ingredient, carriers known in the art 

30 The vectors of this invention, alone or in combination with other suitable 

components, can be made into aerosol formulations (i.e., they can be "nebulized") to be 
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administered via inhalation. Aerosol formulations can be placed into pressurized acceptable, 
propellents, such as dichlorodifluoromethane, propane, nitrogen, and the like. 

Suitable formulations for rectal administration include, for example, 
suppositories, which consist of the packaged nucleic acid with a suppository base. Suitable 
suppository bases include natural or synthetic triglycerides or paraffin hydrocarbons. In 
addition, it is also possible to use gelatin rectal capsules which consist of a combination of 
the packaged nucleic acid with a base, including, for example, liquid triglycerides, 
polyethylene glycols, and paraffin hydrocarbons. 

Formulations suitable for parenteral administration, such as, for example, by 
intraarticular (in the joints), intravenous, intramuscular, intradermal, intraperitoneal, and 
subcutaneous routes, include aqueous and non-aqueous, isotonic sterile injection solutions, 
which can contain antioxidants, buffers, bacteriostats, and solutes that render the formulation 
isotonic with the blood of the intended recipient, and aqueous and non-aqueous sterile 
suspensions that can include suspending agents, solubilizers, thickening agents, stabilizers, 
and preservatives. In the practice of this invention, compositions can be administered, for 
example, by intravenous infusion, orally, topically, intraperitoneally, intravesically or 
intrathecally. Parenteral administration and intravenous adniinistration are the preferred 
methods of administration The formulations of packaged nucleic acid can be presented in 
unit-dose or multi-dose sealed containers, such as ampules and vials. 

Injection solutions and suspensions can be prepared from sterile powders, 
granules, and tablets of the kind previously described. Cells transduced by vectors of mis 
invention as described above in the context of ex vivo therapy can also be administered 
intravenously or parenterally as described above. 

The dose adnunistered to a patient, in the context of the present invention 
should be sufficient to effect detectable transformation, more preferably sufficient to effect a 
beneficial therapeutic response in the patient over time. The dose will be determined by the 
efficacy of the particular vector employed and the condition of the patient, as well as the 
body weight or surface area of the patient to be treated. The size of the dose also win be 
determined by the existence, nature, and extent of any adverse side-effects that accompany 
the administration of a particular vector, or transduced cell type in a particular patient 

In determining the effective amount of the vector to be administered in the, 
the physician evaluates circulating plasma levels of the vector, vector toxicities, progression 
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of the disease, and the production of anti- vector antibodies. In general, the dose equivalent - 
of a naked nucleic acid from a vector is from about 1 fig to 1 g for a typical 70 kilogram 
patient, and doses of vectors which include a phage particle are calculated to yield an 
equivalent amount of therapeutic nucleic acid. 
5 For administration, inhibitors and transduced cells of the present invention 

can be a dminis tered at a rate determined by the LD-50 of the inhibitor, vector, or transduced 
cell type, and the r side-effects of the inhibitor, vector or cell type at various concentrations, as 
applied to the mass and overall health of the patient Administration can be accomplished 
via single or divided doses. 

10 In a preferred embodiment, prior to infusion, blood samples are obtained and 

saved for analysis. Between 1 x 10 8 and 1 x 10 12 transduced cells are infused intravenously 
over 60-200 minutes. Vital signs and oxygen saturation by pulse oximetry are closely 
monitored. Blood samples are obtained 5 minutes and 1 hour following infusion and saved 
for subsequent analysis. Leukopheresis, transduction and reinfiision can be repeated are 

15 repeated every 2 to 3 months. After the first treatment, infusions can be performed on a 
outpatient basis at the discretion of the clinician. If the reinfiision is given as an outpatient, 
the participant is monitored for at least 4, and preferably 8 hours following the therapy. 

Transduced cells are prepared for reinfiision according to established 
methods. See, Abrahamsen et al. (1991) J. Clin. Apheresis, 6: 48-53; Carter et al (1988) J. 

20 Clin. Apheresis, 4:1 13-1 17; Aebersold et al. (1988) J. Immunol Meth, 1 12: 1-7; Muul et al. 
(1987) J. Immunol Methods 101:171-181 and Carter et al (1987) Transfusion 27: 362-365. 
After a period of about 2-4 weeks in culture, the cells should number between 1 x 108 and 1 
x 1012. In this regard, the growth characteristics of cells vary from patient to patient and 
from cell type to cell type. About 72 hours prior to reinfiision of the transduced cells, an 

25 aliquot is taken for analysis of phenotype, and percentage of cells expressing the therapeutic 
agent. 

Vm. Kits for transducing cells. 

In another embodiment, this invention provides kits for practice of the 
methods described herein. The kits preferably include phage expressing a heterologous 
30 binding domain and con tainin g a heterologous nucleic acid (e.g., an expression cassette) that 
is to be delivered inside a target cell or a nucleic acid encoding such a phage. The nucleic 
acid can include restriction sites to facilitate insertion of a heterologous nucleic acid into an 
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expression cassette. The assay kits can additionally include any of the other components - 
described herein for the practice of the assays of this invention. Such materials preferably 
include, but are not limited to, helper phage, one or more bacterial or mammalian cell hues, 

buffers, antibiotics, labels, and the Eke. 

5 In addition the kits may optionally include instructional materials containing 

directions (i e, protocols) disclosing the transformation methods described herein. While 
the instructional, materials typically comprise written or printed materials they are not hunted 
to such Any medium capable of storing such instructions and communicatmg them to an 
end user is contemplated by this invention.- Such media include, but are not limited to 

L0 electronic storage media (e.g., magnetic discs, tapes, cartridges, chips), optical media (,g„ 
CD ROM), and the like. Such media may include addresses to internet sites that provide 
such instructional materials. 

EXAMPLES 

The following examples are offered to illustrate, but not to limit the claimed 

15 invention. 

^m ele 1= Creation^ *~ hm ™ ^ ™tibodv mm***** 

1 0 9 .1 0 n members 

Manipulation of previous 10 7 member phage display libraries revealed two 
maj or limitations: 1) expression levels of Fabs was too low to produce adequate material for 
■0 characterization.and^meararywasrelativelyunstable. These limitations are a result of 
creating the library in aphage vector, and the use of the cre-lox recombination system We 
therefore decided that the best approach for this proj ect was to create a very large scFv 
library using a phagemid vector. Thegoal was to produce a library at least 100 times larger 
tnan our previous 3 .0 x 10 7 member scFv library. The approach taken was to clone the V H 
25 and V L library on separate replicons, combine them into an scFv gene repertoire by splicing 
by overlap extension, and clone the scFv gene repertoire into the phage display vector 
pHENl Human peripheral blood lymphocyte and spleen RNA was primed with IgM heavy 
chain constant region and, kappa and lambda light chain constant region primers and first 
strand cDNA synthesized 1 st strand cDNA was used as a template for PGR amplification of 
30 VH VKk and Vk gene repertoires. 



WO 99/55720 



PCT/US99/07398 



-39- 

The Vh gene repertoires were cloned into the vector pUCl 19Sfi-Not asNcoI- 
Notl fragments, to create a library of 8.0 x 108 members. The library was diverse by PCR 
fingerprinting. Single chain linker DNA was spliced onto the V L gene repertoires using PCR 
and the repertoire cloned as an XhoI-NotI fragment into the vector pHENIXscFv to create a 
5 library of 12 x 1 0 6 members. The V H and V L gene repertoires were amplified from their 
respective vectors and spliced together using PCR to create an scFv gene repertoire. The 
scFv gene repertoire was cloned as an Ncol-Nott fragment into the vector to create an scFv 
phage antibody library of 7.0 x 10 9 members. The library was diverse as determined by 
BstNl fingerprinting. 

1 0 To verify the quality of the library, phage were prepared and selected on 1 4 

different protein antigens. The results are shown in Table 2. scFv antibodies were obtained 
asainst all antigens used for selection, with between 3 and 15 unique scFv isolated per 

Table 2. Results of phage antibody library selections. For each antigen (column 1), the 
15 number and the percentage of positive clones selected (column 2) and the number of 
different antibodies isolated (column 3) is indicated 



Protein antigen used for selection Percentage (number) of Number of different 

ELISA positive clones antibodies isolated 



FGF Receptor ECD 


69 (18/26) 


15 


BMP Receptor Type I ECD 


50 (12/24) 


12 


Activin Receptor Type I ECD 


66 (16/24) 


7 


Activin Receptor Type II ECD 


66 (16/24) 


4 


Erb-B2 ECD 


91 (31/34) 


14 


VEGF 


50 (48/96) 


6 


BoNT/A 


28 (26/92) 


14 


BoNT-A C-fragment 


95 (87/92) 


10 


BoNT/B 


10 (9/92) 


5 


BoNT/C 


12(11/92) 


5 


BoNT/E 


9 (8/92) 


3 


Bungarotoxm 


67 (64/96) 


15 


Cytochrome b5 


55 (53/96) 


5 


Chlamydia trachomatis EB 


66 (63/96) 


7 



antigen (average 8.7) (Table 2). This compares favorably to results obtained from smaller 
scFv libraries (1 to a few binders obtained against only 70% of antigens used for selection). 
20 Affinities of 4 anti-ErbB-2 scFv and 4 anti-Botulinum scFv were measured using surface 
plasmon resonance in a BIAcore and found to range from 4.0 x 10" 9 M to 22 x 10* 10 M for 
the anti-ErbB2 scFv and 2.6 x 10"* M to 7.15 x 10* 8 M for the anti-Botulinum scFv (Table 3). 
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scFv were highly specific for the antigen used for selection (Figure 2). The library could, 
also be successfully selected on complex mixtures of antigen. 



10 



15 




For example, selection on CUanyd* trackamans elementary bodies (the causative orgamsm 
of Chlamydial disease) yielded seven that specifically recognized chlamydia (Table 2). The 
scFv could be successfully used in a number of immunologic assays including ELIS^ 
immunofluorescence, Western blotting, epitope mapping and immunoprecipitanon. The 
number of binding antibodies for each antigen, and the affinities of the binding sc, v are 
comparable to results obtained from the best phage antibody libraries (Table 4). Thus the 
library was established as a source of panels of human antibodies against any antigen with 
affinities at least equivalent to the secondary murine response. 

~ ^ a n — n f nrotein binding antibodies selected from non-immune phage- 
Table4. Comparison ot protem oumuig on «. obtained from V-genes 

20 and^synthenc oligonucleotides encoding Vg CDR3 . ND - not determined. 



Marks et al (1991) J. 3.0 xlO 7 (scFv.N) 

Mol. Biol. 222: 581- 

597 

Nissim et al (1994) i.o xlO 8 ( scFV ' SS ) 
EMBOJ. 13:692-698 



15 



2.6 



ND 



ND 
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DeKruif et al (1995) J. 3 6 x io 8 (scFv, SS) 

Mol. Biol. 248: 97-105 

Griffiths et al (1994) 6-5 x 10 10 (Fab, SS) 

EMBOJ. 13:3245- 

3260 

Vaughan et al (1996) 1.4 x 10 10 (scFv.N) 
'Nature Biotechnology. 
14: 309-314 

Present Examples 6.7 x 10 9 ("scFv. N) 



12 1.9 3 100-250&- 

30 4.8 3 7-58 

3 7.0 3 4.2-8.0 

14 8.7 8 022-71.5 



These experiments demonstrate the creation of a high complexity human scFv 
phage antibody library from which a panel of high affinity human scFv can be generated 
against any purified antigen. Such a library is ideal for probing the surface of cells to 
5 identify novel cell surface markers. 

Example 2: Uptake of srW into cells bv receptor med iated endocvtosis and 
subsequent recovery. 

The 7.0 x 10 9 member scFv phage antibody library described above was 
selected on the malignant breast tumor cell lines MB23 1 and ZR-75-1 , both with and without 
10 negative selections on the normal breast cell line HBL100. Similar results were obtained as 
described in section above. scFv were isolated that could not distinguish malignant from 

non-malignant cell lines. 

To increase the specificity of selections, it was hypothesized that phage 
binding cell surface receptors could be taken up into cells by receptor mediated endocytosis 

15 and could then be recovered from cells by lysing the cells. This assumed: 1) that phage 

could be internalized by receptor mediated endocytosis and 2) that phage could be recovered 
in the infectious state from within cells prior to lysosomal degradation. The ability to select 
for in ternaliz ed phage antibodies would have two major benefits: 1) the identification of 
antibodies that bind to receptors capable of internalization and 2) an added level of 

20 specificity in the selection process. Identification of antibodies which are internalized would 
be highly useful for many targeted therapeutic approaches where internalization is essential 
(e.g. immunotoxins, targeted liposomes, targeted gene therapy vectors and others). 

M Receptor me* "^ internalization of F5 or CI phage 

To determine proof of principle, we utilized C6.5 phage and C6.5 diabody 
25 phage {see, copending application USSN 08/665,202). We have previously shown that C6.5 
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scFv is internalized, but at a slow rate, and that the C6.5 diabody is somewhat better 
internalized (probably because it causes receptor dimerization). C6.5 phage, C6.5 diabody 
phage or an irrelevant anti-Bottilinum phage were incubated with SKBR3 cells (ErbB2 
expressing breast tumor cell line) at either 37° C or 4° C and non-internalized phage 
5 removed by sequential washing with PBS and low pH glycine buffer. The cells were then 
permeabilized and biotinylated anti-M13-antibody added followed by streptavidin Texas 
Red. Cells were then examined by using a confocal microscope. Both C6.5 phage and C6.5 
diabody phage were observed within the cytoplasm). Approximately 1% of cells had 
internalized C6.5 phage and 20% of the cells had internalized C6.5 diabody phage. There 
10 was no internalization of the anti-Botulinum phage. 

To determine if infectious phage could be specifically taken up and recovered 
from within cells, C6.5 phage or C6.5 diabody phage were incubated with SKBR3 cells at 
37° C. Non bound phage were removed by washing with PBS and phage bound to the cell 
surface were eluted by washing twice with low pH glycine. The cells were then lysed and 
15 each fraction (the first and second glycine washes and the cytoplasmic fraction) used to 

infect E. coli TGI. Twenty times (C6.5) or 30 times (C6.5 diabody) more phage were bound 
to the cell surface than the anti-Botulinum phage (glycine 1 wash) (Table 5). After the 
second glycine wash, the titre of infectious phage from the cell surface decreased, indicating 
that washing was effective at removing surface bound phage CTable 5). After cell lysis, the 
20 titer increased more than 1 0 fold (C6.5 phage) or 50 fold (C6.5 diabody phage) from the 
second glycine wash We believe this titre represents phage recovered from inside the cell. 
Recovery of phage from inside the cell was 100 times higher for ErbB2 binding C6.5 than 
for anti-Botulinum phage and 200 fold higher for C6.5 diabody phage (Table 5). 

25 Tables. Titer of cell surface bound phage and internalized ^ 

Botulinum or anti-ErbB2) were incubated with approxrmately 10 x 10 5 ZxbBlcxpr^ 
SKBR3 cells at 37°C. Cells were washed 10 times with PBS and surface bound gage^ 
eluted with two low pH glycine washes. The cells were then ^f^^^ff^ 
cells lysed to release internalized phage. The phage titer was men determined for each of me 

30 glycine washes and for the lysed cell fraction by infection ofE.cohTGl. 



anti-P-ntvliTmm ' 6.0 xKP 1.0 xlO 5 6.0x10 
Anti-ErbB2 (C6.5 scFv) 12x10? 5-2x106" 6.8 xlO 1 
Anti-ErbB2 (C6.5 diabody) UxloZ ' 2.8 xlO 6 1-7x10 
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Taken together, the results indicate that: 1) phage binding cell surface 
receptors can be taken up by cells and the infectious phage recovered from the cytoplasm. 
Tne amount of uptake is significantly greater than uptake of non-binding phage, and the 100 
5 to 200 fold difference is well within the range thai would allow enrichment from a library. 
What is unknown from the results is whether the phage antibodies are mediating receptor 
mediated internalization or whether they are merely taken up after binding by membrane 
turnover. 

B) Selection and characterization of internalizing antibodies from a phage antibody 
10 library 

The results described above encouraged us to anempt selection of the phage 
antibody library described above to identify new phage antibodies that were inte rnaliz ed 
Phage antibodies were rescued from the library and selected on SKBR3 cells. For selection, 
phage were incubated with cells at 37°C, non-binding phage removed by washing cells with 

15 PBS and phage bound to cell surface antigens removed by sequential washes with low pH 
glycine. Cells were then lysed to release internalized phage and the lysaie used to infect £ 
coli TGI to prepare phage for the next round of selection. Three rounds of selection were 
performed. One hundred clones from each round of selection were analyzed for binding to 
SKBR3 cells and to ErbB2 extracellular domain by FT IS A We hypothesized that we were 

20 likely to obtain binders to ErbB2 since SKBR3 cells are known to express high levels and 

ErbB2 is a receptor which is known to be internalized. After each round of selection, the 

titer of phage recovered from the cytoplasm increased (Table 6). After the third round, 45% 

of the clones were positive SKBR3 cell binding and 17% bound ErbB2 (Table 6). 

Table 6. Results of selection of a phage antibody library for internalization. For each round 
25 of selection, the titer of phage in lysed ceils, number of cells lysed and number of phage per 
cell is indicated. After the third round, individual clones were analyzed for binding to 



Round of 


# of phage in 


# of cells 


#of 


% SKBR3 


% ErbB2 


selection 


cell lvsate 


lvsed 


pha^e/cell 


binders 


binders 


1 


3.5 xlO 4 


2.8 x 10 6 


0.013 


ND 


ND 


2 


1.2 xlO 5 


2.8x10^ 


0.038 ' 


ND 


ND 


3 


7.5 x 10 6 


2.8 x 106 


3.75 


45% 


17% 



10 



15 
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To estimate the number of unique binders, the scFv gene from ELBA - 

restriction patterns were identified. The scFv genes were sequenced and 2 ^ 
Ilg scFv menfified. Shnilar analysis of SORB ELISA positive clones mat .dnot bmd 
Vrhm identified an additional 11 unique scFv. 

To verify that ^ antibodies — fe SKBR3 cefe phage were 

plated from each uni^e clone and snaked fcr blading «o SKBK3 celts 

egression and MCF7, low EibB2 expression) and a normal breast ceil ^ 

>™ specifically stained tumor ceU lines but not the normal breast cell hne. 
^ Cone ^^^^^.^CUt*. 

„,, md 3eH 7. The latter wo clones were isolated torn the library, w«h 3TF5 

stain SKBR3 cells (the selecting cell line and high ErbB2 ^ rCS ^_^^^°^^ stains 
^MCH cells QowE*B2 espreasor). The anh-ErbB2 clone 3TF= from the hbrary 

vector which fuses a hexamstidine tag to the scFv C-termmus. scFv w 

* ^„ te ridn=riuluamandpurifiedbyinimobilizedmetala£taty 
bar-vested from the bacterial penpiaau y 

a The two scFv intensely stain SKBR3 cells, and do not stain the nonnai 
TTZ eHs" rT^ian^s^goftitie.owBmBaexpres^ceUlme 
^ 7 "2L' s^gufSK-OV-Scella^^expre^ rngenerah 
rmtuns^ofstouingUleaamunseuuwithphage. *^T^U», 

^ting in bemendous signal amplification. . w fctntmme ifi. 

joe aati-EAB? phage antibody 3TF5 was stuoied further to determin 
• » .internalized This antibody was selected for initial study since to internalization 
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intemaJized by only a few percent of cells. Incubation of either antibody at 4°C led to no - - 
internalization. 

The native purified 3TF5 scFv was similarly analyzed and was also 
efficiently internalized by SKBR3 cells. It should be noted that the native 3TF5 scFv existed 
only as a monomer with no appreciable dimeiization or aggregation as determined by gel 
filtration. 

These experiments demonstrate that phage antibodies can be internalized by 
cells and recovered from the cytoplasm. Phage that bind an internalizing cell surface 
receptor can be enriched more than 100 fold over non-binding phage. This level of 
enrichment is greater than that achieved by selecting on the cell surface. We have applied 
this approach to library selection and isolated phage antibodies that bind and are internalized 
by SKBR-3 cells. Several of these antibodies bind to ErbB2, but are more efficiently 
internalized than antibodies such as C6.5 that were generated by selecting on pure antigen. 
Many other antibodies have been isolated that bind specifically to SKBR-3 and other breast 
tumor cell lines and are efficiently internalized. These antibodies should prove useful for 
tumor targeting and for identifying potentially novel internalizing tumor cell receptors. 

Example 3; WroasiTiP the affinity of antibody frag ments with the desired binding 
characteristics bv cretin? mutant phage antibody lib raries and selecting on the 
appropriate breast t umor cell line. 

Phage display has the potential to produce antibodies with affinities that 
cannot be produced using conventional hybridoma technology. Ultra high affinity human 
antibody fragments could result in excellent tumor penetration, prolonged tumor retention, 
and rapid clearance from the circulation, leading to high specificity. We therefore undertook 
a series of experiments to develop methodologies to generate ultra high affinity human 
antibody fragments. Experiments were performed to answer the following questions: 1) 
What is the most effective way to select and screen for rare higher affinity phage antibodies 
amidst a background of lower affinity binders; 2 What is the most effective means to 
remove bound phage from antigen, to ensure selection of the highest affinity phage 
antibodies; 3) What is the most efficient techniques for making mutant phage antibody 
libraries (random mutagenesis or site directed mutagenesis; 4) What region of the antibody 
molecule should be selected for mutagenesis to most efficiently increase antibody fragment 
affinity. 
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The tumormormal organ ratios also reflected the differences in affinity, e.g. tumonblood 
ratios of 17.2, 133, 3.5 and 2.6, and tumor to liver ratios of 262, 19.8, 4.0 and 3.1 for 
C6ML3-9, C6.5 and C6G98A respectively at 24 hours. Studies of the higher affinity scFv 
are pending. The results demonstrate our ability to increase antibody affinity to values not 
5 achievable from hybridoma technology and confirm the importance of affinity in tumor 
targeting 

Example 4: Preclinical development of C6.5 based breast canc er therapies 

Two approaches have been collaboratively pursued to develop C6.5 based 
breast cancer therapies. In one collaboration, C6.5 based molecules are being engineered for 

1 0 radioimmunotherapy . To increase quantitative tumor delivery and retention of antibody 

fragment, dimeric scFv 'diabodies' were created by shortening the linker between the V H and 
V L domains from 15 to 5 amino acids. Consequently, pairing occurs between 
complementary domains of two different chains, creating a stable noncovalently bound 
dimer with two binding sites. In vitro, diabodies produced from the V-genes of C6.5 have a 

15 significantly higher apparent affinity and longer retention on the surface of SK-OV-3 cells 
compared to C6.5 scFv (T1/2 > 5 hr vs. 5 min) (Adams et al (1998) Brit 1 Cancer.). 
Biodistribution studies of C6.5 diabody revealed 6.5 %ID/g tumor at 24 hours compared to 
only 1 %ID/g for C6.5 scFv. When diabody retentions were examined over 72 hours and 
cumulative area under the curve (AUQ values determined, the resulting tumorrorgan AUC 

20 ratios were greater than reported for other monovalent or divalent scFv molecules. The 

therapeutic potential of these molecules is being examined in radioimmunotherapy studies in 
nude mice. Since in vivo characterization of c6.5 based molecules was not formally one of 
the technical objectives, we are continuing to use the affinity mutants of C6.5 and C6.5 
based diabodies to study the relationship between antibody affinity, size and valency and 

25 specific tumor targeting as part of NTH R01 1 CA65559-01 Al. 

In another collaboration, C6.5 based molecules are being used to target 
doxorubicin con taining stealth liposomes to Erb32 expressing breast cancers (Kirpotin et al 
(1997) Biochemistry. 36: 66-75). To facilitate chemical coupling of the scFv to liposomes, 
the C6.5 gene was subcloned into an E. coli expression vector resulting in addition of a free 

30 cysteine residue at the C-terminus of the scFv. Purified C6.5cys scFv was conjugated to 
liposomes and in vitro uptake determined using SKBR3 cells. Total uptake was 3.4 mmol 
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In addition, the experiments demonstrate that methodologies for increasing- 
antibody affinity in vitro to values not previously achieved in vivo. We have applied these 
methodologies to generate novel ErbB2 binding scFv. 

Sam ple 5: Selection of intern alizing antibodies from phage libraries 

5 Antibodies that bind cell surface receptors in a manner whereby they are 

endocytosed are useful molecules for the delivery of drugs, toxins or DNA into the cytosol 
of mammalian cells for therapeutic applications. Traditionally, internalizing antibodies have 
been identified by screening hybridomas. In this example, we studied a human scFv (C6.5) 
that binds ErbB2 to determine the feasibility of directly selecting internalizing antibodies 

10 from phage libraries and to identify the most efficient display format. Using wild type C6.5 
scFv displayed monovalently on a phagemid, we demonstrate that anti-ErbB2 phage 
antibodies can undergo receptor mediated endocytosis. Using affinity mutants and dimeric 
diabodies of C6.5 displayed as either single copies on a phagemid or multiple copies on 
phage, we define the role of affinity, valency, and display format on phage endocytosis and 

15 identify the factors that lead to the greatest enrichment for internalization. Phage displaying 
bivalent diabodies or multiple copies of scFv were more efficiently endocytosed than phage 
displaying monomelic scFv and recovery of infectious phage was increased by preincubation 
of cells with chloroquine. Measurement of phage recovery from within the cytosol as a 
function of applied phage titer indicates that it is possible to select for endocytosable 

20 antibodies, even at the low concentrations that would exist for a single phage antibody 
member in a library of 10 9 . 

A"l Introduction 

Growth factor receptors are frequently overexpressed in human carcinomas 
and other diseases and thus have been utilized for the development of targeted therapeutics. 

25 The HER2/neu gene, for example, is amplified in several types of human adenocarcinomas, 
especially in tumors of the breast and the ovaxy (Slamon et al (1989) Science 244: 707-712) 
leading to the overexpression of the corresponding growth factor receptor ErbB2. Targeting 
of ErbB2 overexpressing cells has been accomplished prima ri ly using anti-ErbB2 antibodies 
in different formats, including conjugation to liposomes containing chemotherapeutics 

30 (Kixpotin et al. (1997). Biochem. 36: 66-75), fusion to DNA carrier proteins delivering a 

toxic gene (Forminaya and Wels (1996) Biol Chem. 271: 10560-10568), and direct fusion 
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format on phage endocytosis and identify the factors that lead to the greatest enrichment for * 
internalization. The results indicate that it is possible to select for endocytosafale antibodies, 
even at the low concentrations that would exist for a single phage antibody member in a 

library of 10 9 members. 
5 A) Material and methods 

1) Cells r 

The SKBR3 breast tumor cell line was obtained from ATCC and grown in 
RPMI media supplemented with 10% FCS (Hyclone) in 5% CCb at 37°C. 

2) Antibodies and antibody phage preparations 

10 The C6.5 scFv phage vector was constructed by subcloning the C6.5 gene as 

a Sfi VNot I fragment from scFv C6.5 pHENl (Schier et al (1995) Immunotechnology 1: 63- 
71) into the phage vector fd/Sfi VNot I (a gift of Andrew Griffiths, MRC Cambridge, UK). 
The C6.5 diabody phagemid vector was constructed by subcloning the C6.5 diabody gene 
(Adams et al (1998) Brit. J. Cancer. 77: 1405-1412, 1998) as a NcoI/NotI fragment into 

15 pHENl (Hoogenboom et al (1991) Nucleic Acids Res. 19: 4133-4137). The anti-botulinum 
scFv phagemid (clone 3D 12) (Amersdorfer et al (1997) Infection and Immunity . 65: 3743- 
3752) C6.5 scFv phagemid (Schier et al (1995) Immunotechnology 1: 63-71) and scFv 
C6ML3-9 scFv phagemid (Schier et al (1996) Mol Biol 263: 551-567) in pHENl have , 
been previously described Phage were prepared (Sambrook et al (1990). Molecular 

20 cloning- a laboratory manual, New York: Cold Spring Harbor Laboratory) from the 

appropriate vectors and titered on E. coli TGI as previously described (Marks et al (1991) 
Mol. Biol 222: 581-597) using ampicillin (100 jig/ml) resistance for titration of constructs in 
pHENl and tetracyline (50 fig/ml) for titration of constructs in fd. Soluble C6.5 scFv, C6.5 
diabody and anti-botulinum scFv were expressed from the vector pUCl 19mycHis (Schier et 

25 al (1995) Immunotechnology 1: 63-71) and purified by immobilized metal affinity 
chromatography as described elsewhere (Id.)). 

3 ) Detection of internalized native antibody fragments and phage antibodies 

SKBR3 cells were grown on coverslips in 6-well culture plates (Falcon) to 
50% of confiuency. Culture medium was renewed 2 hours prior to the addition of 5.1 0 11 
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cfc/ml of phage m*** (ft. phage prepax^on repress a maximum of WO of fte - 
^ medium volume) or 20 nM of purified s=Fv or diabody in phosphate buffer^ 
^e, P H 7.4 (PBS,. Afier 2 hours of ftcubafion a, 3TC, the wells were - -he " 
time* with ice cold PBS and 3 times for 10 minutes each wift 4 mL of stripptng buffer (50 
mM glycine pH 2.8, 0.5 M NaCl 2M area, 2% polyvinylpyrrolidone) at RT. After 2 
additional PBS washes, the cells were fixed in 4% paraformaldehyde (10 minutes at RT), 
washed wiftPBS.penneabinaedwift acetone at-20-C (30 seconds, and washed agan w,ft 
PBS. Thacovarsnpswetesa^atedwiftPBS.lV.BSACOmin.atm 
w=te detected wift biotinylated anti-M13 imtmmoglobulms (5 Prhne-3 Prune, Wi^d 
300 times) (45 mm. a, RT) and Texas red-conjugated sneptavidin (Amershaun, dtluted 300 
^OmimaCRT). Soluble scFv and diabodies conteimng a C-tern^ myc P^ftg 
ware detected wift fte mouse tnAb 9E10 (Santa Ctuz Biotech, diluted 1 00 tunes) 45 mm 
RT), and-mousebiodnylatedimmuooglobulins (Amanham, diluted ,00 
^oniugatedstrapmvidinOpdcalconfocal sections war. ^^ B '°*^ 
!024 scsmnnglesar confoc* microscope. Alternatively, slides ware analyzed wrft a Z. 
Axtoskop UV fluoresoent microscope. 

j^Imjimii ffl i ttaatfgll 2t ~" ™*>cr h""ud T ipteruttliaad ptjag 

Subcontinent SKBR3 cells were grown in 6-wellplates. Culture medium was 
I m=wed2houmprior,o fte experiment CeUsweremcubated for varymgftnesvoft 

^ooncentmtionaofphagapreparationatBrC. FollowmgPBS 

washes performed exactly as described above for detection of internahzod native antibody 

^oflOOmMnieftylamm.CTEAJ.Th.sntippmghufferwashesandfteTEAlys^ 
warn neutralized wift 1/2 volume of Tns-HCl 1M, pH 7.4. For some experts, c* 

I^cewiftPBSaodftenlysedwiftTSA ^experiments panned mftnpr^ce 
of chloroonme, SKBR3 cells were preincubated for two hours in fte presence of complete 
medim confining 50 pM cbloroquine prior . fte addition of phage. Cotmspondurg 
control samples in (he absence of chloroquine were prepared « fte same time. For all 
0 experiments, phage were tirered on £ coU TGI as described above. 
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B) Results 

1) The model svstem utilized to study phage antibody internalization 

The human anti-Erb32 scFv C6.5 was obtained by selecting a human scFv 
phage antibody library on recombinant ErbB2 extracellular domain (13). C6.5 scFv binds 
5 EibB2 with aKd^l^xlCHMandisa stable monomelic scFv in solution with no tendency 
to spontaneously r dimerize or aggregate (Schier et al (1995) Immunotechnology 1: 63-71). 
To determine the impact of affinity on internalization, we studied a scFv (C6ML3-9) which 
differs from C6.5 by 3 amino acids (Schier et al (1996) J. Mol Biol 263: 551-567). 
C6ML3-9 scFv is also a stable monomer in. solution and binds the same epitope as C6.5 scFv 

10 but with a 16 fold lower Kd (1.0 x 10" 9 M) (Schier et al (1996) J. Mol Biol 263: 551-567; 
Adams et al (1998) Cancer Res. 58: 485-490). Since receptor homodimerization appears to 
typically be requisite for antibody internalization we also studied the dimeric C6.5 diabody 
(Adams etal (1998) Brit 1 Cancer. 77: 1405-1412, 1998). Diabodies are scFv dimers 
where each chain consists of heavy (Vh) and light (V L ) chain variable domains connected 

15 using a peptide linker which is too short to permit pairing between domains on the same 
chain. Consequently, pairing occurs between complementary domains of two different 
chains, creating a stable noncovalent dimer with two binding sites (Holliger et al (1993) 
Proa Natl Acad Sci. 90: 6444-6448). The C6.5 diabody was constructed by shortening the 
peptide linker between the Ig Vh and Vl domains from 15 to 5 amino acids and binds ErbB2 

20 on SKBR3 cells bivalently with a K4 approximately 40 fold lower than C6.5 (4.0 x 10" 10 M) 
(Adams et al (1998) Brit. J. Cancer. 77: 1405-1412, 1998). 

Native C6.5 scFv and C6.5 diabody was expressed and purified from E. coli 
and analyzed for endocytosis into ErbB2 expressing SKBR3 breast tumor cells by 
immunofluorescent confocal microscopy. As expected, monomeric C6.5 scFv is not 

25 significantly internalized whereas the dimeric C6.5 diabody can be detected in the cytoplasm 
of all cells visualized. 

For subsequent experiments, the C6.5 and C6ML3-9 scFv and C6.5 diabody 
genes were subcloned for expression as pHI fusions in the phagemid pHEN-1 (Hoogenboom 
et al. (1991) Nucleic Acids Res. 19: 4133-4137). This should yield phagemid predo minant ly 

30 expressing a single scFv or diabody-pIH fusion after rescue with helper phage (Marks et al 
(1992) J. Biol Chem. 267: 16007-16010) (Figures 2A and 23). Diabody phagemid display a 
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3) Infectious phage can be recovered f rom with™ the cell and their titre 
correlates with the level of uptake observed nsma immunofluorescence 

To determine if infectious phage antibody particles could be recovered from 
within the cell, we incubated approximately 5.0 x 10 5 SKBR-3 cells for 2 hours at 37°C with 
5 3.0 x 10 1 1 cfu of the different phagemid or phage. Six PBS washes were used to remove 
non-specifically bound phage and specifically bound phage were removed from the cell 
surface by three consecutive washes with stripping buffer (washes I, II and IE respectively, 
Table 7) . The cells were then lysed with 1 mL of a 100 mM triethylamine solution (TEA) 
(representing the intracellular phage). The three stripping washes and the cell lysate were 
10 neutralized and their phage titer was determined by infection of E. coli TGI . The' titers of 
phage recovery are reported in Table 7. 

Table 7: Titration of membrane bound and intracellular phage. 3.0 x 10 1 1 cfu of 
monovalent C6.5 scFv phagemid, 16 fold higher affinity monovalent C6ML3-9 scFv 

15 phagemid, bivalent C6.5 diabody phagemid or multivalent C6.5 fd phage were incubated 
with sub confluent SKBR3 cells for 2 hours at 37*C. Cells were washed 6 times with PBS, 3 
times with stripping buffer and then lysed to recover intracellular phage. The various 
fractions were neutralized and the phage titered. The total number of cfu of each fraction is 
reported. Non specific anti-botulinum phagemid were used to determine non specific 

20 recovery. 



Phage Antibody Cell Surface Phage Titer (x 10" 5 ) Intracellular 

Phage Titer (x 10" 5 ) 

1st Wash 2nd Wash 3rd Wash 



Anti-botulinum 


280 


36 


2.8 


15 


phagemid 










C6.5 scFv phagemid 


600 


96 


7.6 


52 


C6ML3-9 scFv 


2500 


140 


32 


270 


phagemid 










C6.5 diabody phagemid 


1800 


120 


13 


450 


C6.5 scFv ohaee 


2300 


620 


56 


2200 



Considerable background binding was observed in the first stripping wash for 
the anti-botulinum phage even after 6 PBS washes (2.8 x 10 7 cfu, Table 7). This value likely 
25 repr e s ents phage non-specifically bound to the cell surface as well as phage trapped in the 
extracellular matrix. The amount of surface bound phage increased only 2.1 fold above this 
background for C6.5 scFv phagemid (Tables 7 and 9). With increasing affinity and avidity 
of the displayed C6.5 antibody fragment, the titer of cell surface bound phagemid or phage 
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increaseddableT). The titer of phage in the consecutive stripping washes decreased . ■ ■- 
approxhnatelylOfoldwitheachwash. Ihese additional stripping washes led to a nnnor 
increase in the titer of specific phage eluted compared to thehadc^undhn.o.gof^ 
botuhnum phage (2.7 fold for C6.5 scFv phagemid to 20 fold for C6.5 scFv phage, TaMe 9). 

md V L domains that comprise a single binding site are not covalently attached to each other 
via the peptide linker. This increases the likelihood that a stringent eluent (like glycme) 
could dissociate V H from V L and abrogate binding to antigen. 
10 ♦ „f , ntl - TTrhTH nhaee compared to anti-botulinum phage. 

Phage Titer Ratio* Phage Ratio** 

• Cell surface Cell surface Intracellular 
(1st Wash) (3rd Wash) 



C6.5 scFv phagemid 2.14 
C6ML3-9 scFv phagemid 8.9 
C6.5 diabody phagemid 6.4 
C6.5scFv phage 



2.7 


3.5 


6.8 


11.4 


18 


8.4 


4.6 


30 


35 


20 


146 


39 



20 



25 



Three stripping ™ to 804 to * CT ° f ^ 

presoae d ft* a«er toe shippm* «■ ° f »** ^ 

Lections prfcUs *om within the cdl rather than from the cell suite. "J* 
cetj lysal e titer observed with noo-spooinc anti-botulinom phage « oonmdoroble (1.5 

^^te^M^^raIarivoiymaoo^le.0*.^^ 

JL. Someanh-botuhnmnphsgemights!^^^ 

phage in the TEA fraction increased wim inoteasmg affinity and avidity of C6.5, wtm tie 
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highest titers observed for the dimeric C6.5 diabody phagemid and the multivalent C6.5 scEy 
phage (Table 7). The values represent a 30 fold (C6.5 diabody phagemid) and 146 fold 
(C6.5 scFv phage) increase in titer compared to the anti-botulinum phage (Table 7). We 
have presumed that the increase in the phage titer in the cell lysate compared to the last 

5 stripping wash is due to endocytosed phage, in fact, some of these phage could have come 
from the cell surface or intracellular matrix. While this could be true for a fraction of the 
phage from the cell lysate, the immunofluorescence results indicate that at least some of the 
phage are endocytosed. One indicator of the relative fraction of endocytosed phage for the 
different C6.5 molecules is to compare the amount of phage remaining on the cell surface 

1 0 prior to cell lysis (last stripping wash) with the amount recovered after cell lysis. This ratio 
shows only a minor increase for monovalent C6.5 scFv or C6ML3-9 scFv phagemid (6.8 and 
8.4 fold respectively) compared to anti-botulinum phagemid (5.4) (Table 9). In contrast the 
ratios for dimeric C6.5 diabody phagemid and multivalent C6.5 scFv phage increase to a 
greater extent (35 and 39 respectively) compared to anti-botulinum phagemid. 

15 41 increasing the enrichment ratios of specifically end ocytosed phage 

The results above indicate that phage antibodies can undergo receptor 
mediated endocytosis and remain infectious in a cell lysate. Selection of internalized phages 
from a phage library requires the optimization of the method to increase enrichment of 
specifically internalized phages over non-internalized phage. Two parameters can be 

20 improved: (1) reduction of the recovery of non-specific or non-internalized phage and (2) 
preservation of the infectivity of internalized phage. To examine these parameters, we 
studied wild-type C6.5 scFv phagemid. We chose this molecule because it was clearly 
endocytosed based on confocal microscopy, yet was the molecule undergoing the least 
degree of specific endocytosis. C6.5 scFv phagemid also represents the most commonly 

25 utilized format for display of non-immune phage antibody libraries (single copy pin in a 
phagemid vector) and has an affinity (16 nM) more typical of Kd's of scFv from such 
libraries than the affinity matured C6ML3-9 scFv (Sheets et al. (1998) Proc. Natl Acad. Set 
USA 95: 6157-6162; VaughanefaZ. (1996) Nature Biotech. 14: 309-314). 



30 



*\ poncin g the background of non-intern ali-zed phage 
To reduce the background of non-specific phage recovery, we studied the 
effect of trypsinizing the cells prior to TEA lysis. This should remove phage trapped in the 
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e^Utfiarrnarax Taypsinizafion also dissociates to cells from to cell emturefU*, - 

- elimination of any phage bound to to ecu culture 
fla4 For tee ^erim^ClSscFvphagenndlS.OxlO.ampicmfa resist, c^w^e 

miccd with a 1000 fold excnas of wild type fdphage (5.0 x 10" tehaeylcine re,*** cfia). 
Aft. incubation ofphagemidwi.hSKBR-3 cells for2hours a.37°C, cefis werewatod 
Witt PBS and toee time, with sapping buffer. Cells were ton directly lysed warn TEA or 
ta^wim trypsin. w*hedrwicewi<hPBS and then lysed with TEA. Phagemid in to firs, 
^tagwashandtocenlysa.ewerefteredbyinfeotionofE. 1T01 andplatedon 
tiffin andretncychneprales. Thetirerof fdphage and C6, scFv phagemid recov^ 
fromt be cell smfacewas compare aV to «wo omental gronps (F,gus=3>. Ttomtio 
of Hphage/Cdfi scFvpbagemiduatocefi surface fractions (160,1 -^>**"«" 
« foid enrichment achieved by specific cell surface hiding fiom to hratial 1000 fo,d anno, 

Witoutnyp^^^"^^^- 5 ^^^* 6 :"'^;^ 
only 6 1 fold; in contrast, to ratio increases 209 fold with bypsinization (Pagure 3). Tins 

^ ftoan a 60 fold reduction in non-specific binding with only . minor reduction » to 
amount of specific phage reooveiy (Fignte 3). 

B , rr ^„. the r ~™-rv of infection- intpm.lirad phage 
' To increase to recover, of infectious internalized phage, we studied whether 

Locytosedphages from endosomal negation (Barry « of (1996, *t W 2. 299-o05). 

SKBP3 odls wore incubated with chlorouuine and either C6.5 soFv phagemad or anfi- 

botufinum phagemid. Cell .ysates were fiured a, various tiane points to dcennane to 
ouaoberofinn^ellulaaphagenfid.Cd.soFvphag^dwerepreaenta.to^nnnu.ennae 

point and to aunonn. of phagemid was compile with or without to addafion of 
cbloroquine. At later tiane points, approaianately twice as much infectious 

p bagew=repres=n,andchloto,uin=ha«no effeo. ontotiaer, suggesting tottophagennd 
msfi, ftom non-specific surface binding aathet ton non-specific endocytosaa nato 
tmoosome, Over* to results indicate to. prevention of lysosomal acidification moaeaaes 
0 to amount of infectious phage recovered for incubations longer man 20 mauuaes. 
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5) Recovery of inte rnalized phage at low phage concentrations 

Only very large phage antibody libraries containing more than 5.0 x 10 9 
members are capable of generating panels of high affinity antibodies to all antigens (10, 23, 
24). Since phage can only be concentrated to approximately 10 13 cfii/ml, a typical phage 

5 preparation from a large library will only contain 10 4 copies of each member. Thus 
selection of libraries for endocytosis could only work if phage can be recovered when 
applied to cells at titers as low as 10 4 . We therefore determined the recovery of infectious 
phage from within SKBR3 cells as a fanction of the phage titer applied SKBR3 cells were 
incubated with C6.5 scFv, C6ML3-9 scFv or C6.5 diabody phagemids or C6.5 scFv phage 

10 for 2 hours at 37°C. Cells were washed three times with stripping buffer, trypsinized and 
washed twice with PBS. Cells were lysed and intracellular phage titered on E. coli TGI. 
Phage recovery increased with increasing phage titer for all phage studied (Figure 5). For 
monovalent^ displayed antibodies, phagemid could not be recovered from within the cell at 
input titers less than 3.0 x 10* (C6.5 scFv) to 3.0 x 10* (C6ML3-9 scFv) This threshold 

15 decreased for bivalent and multivalent display (3.0 x 10 4 for C6.5 diabody phagemid and 
C6.5 scFv phage). 

Cj Discussion 

We demonstrate for the first time that phage displaying an anti-receptor 
antibody can be specifically endocytosed by receptor expressing cells and can be recovered 

20 from the cytosol in infectious form. The results demonstrate the feasibility of directly 
selecting intern alizing antibodies from large non-immune phage libraries and identify the 
factors that will lead to successful selections. Phage displaying anti-ErbB2 antibody 
fragments are specifically endocytosed by EibB2 expressing SKBR3 cells, can be visualized 
within the cytosol and can be recovered in an infectious form from within the cell. When 

25 monovalent scFv antibody fragments were displayed monovalently in a phagemid system, 
recovery of internalized phage was only 3.5 to 1 8 fold above background. Display of 
bivalent diabody or multivalent display of scFv in a phage vector increased recovery of 
internalized phage to 30 to 146 fold above background. This result is consistent with our 
studies of native monomelic C6.5 scFv and dimeric C6.5 diabody as well as studies of other 

30 monoclonal anti-ErbB2 antibodies where dimeric IgG but not monomeric Fab dimerize and 
activate the receptor and undergo endocytosis (Y arden (1990) Proc. Natl Acad. Sci . USA 
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87- affl OS 73-B«l«-«lOW)**** i - ia * VSAn: 3353 " 3357) ' **** 

of phage displaying two or mora scFv (Marks « of (1992) J. Biol Cker, 267; 16007- 
,6010) ^i^or^oaofvalancymmadiatogdteUghaviditybiBdmgorreoaptor 

cosainKng and subsequent andocymsis U confirmed by the only omer ^ 

specific phaga andocytosi, Phage displaying approximately 300 copies of a mgh affinuy 

r^^b^gpepddeoopvmwereefficiendyeodoeyfosedbyro— 

JLp*** (1994)/. Knl. ^269; U468-12474). Recovery of phage after 

^racaUs^e.Th.rs^antnoosforspeorfiovanon.speeiScs^^ 

[mg efro m 2h.20fold. These values are comparable* the approximately 10 fold 
^ohmaotrcportedbyomemforasmglemundofcansmfacasalacnontPere^^. 

(1OT) JS 203: H-241 Waters « of. (1997) »• »*»■ 

L colas, our enrichment ratios for specific vs non-specific endocytosrs range ftom 3.5 

^ f0ld " Based on 1h=se results, selection of internalizing antibodies &om phage 
m hbody libraries would ba mosr successful with either homodimaric diabodies in a 
phagaJdvec.orormui^au.scFvush.gaphag.vec.or.WmUnosuchhb^ 
be^pubhshad, there .euotechmcalbarriampreveudngmahcoush^omM— 

^^^sis.AnSboaasn.msuohUb^wouldnead^bcbr^ _ 

^luamaorbyamrul^ybiudmgrworacaptom. Mouomaric 
5 receptorm* similsr manner could *so be endorsed. 

JLent scPv in a phagemid vector couid result m ma selecuon o hgand -=« 
aoovara receptors snd are endocytosed as monomers. Such soFv could ba ^-W 
fe m« construct of fission molecules forma dahvery of drugs, toxms or " ^ 

?; plaS m ^^^^^--^-r-X 

,0 ^anonandg.wmmhibidonCHurwimaraf, <^^^/^*^L 
3353-3357- Hudziak « «/. (1989) Moi. OB M* 9: 1 165-1172; Stsncovsm « of (1991) 
froc Nw'.totSa.OWSS: 8691-8698; Lewise.nl. (1993) Oncer bm*»L 
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Immnnother. 37: 255-263), selection for endocytosable antibodies may also identify . • 
antibodies which directly inhibit or modulate cell growth. 

Example 6: Transfection of Cells. 

The F5 scFv gene was removed from pHENl-F5 by digestion of phagemid 
5 DNA with the restriction enzymes Sfil and Notl. A phage vector based on FdDOGl (See 
prior Ref.), but modified to insert an Sfil site into the gene III leader sequence, was digested 
with Sfil and Notl and the digested F5 gene ligated into digested phage Fd vector DNA. 
Recombinant transfoimant were identified. E. coli containing the F5 recombinant phage 
were grown in culture to produce F5-Fd phage (see Maniatis for phage preparation). F5 

10 phages were then used to infect E. coli harboring a phagemid which contains a mammalian 
promoter (CMV) followed by either the gene for 3-galactosidase (pcDNA3.1/HisB/LacZ, In 
Vitrogen) or the gene for the enhanced green fluorescent protein (pN2EGFP, Clonetch 
plasmid) and a eucaryotic polyadenylation sequence. Bacteria were grown overnight in the _ 
presence of tetracycline 15 ug/mL and either ampicillin 100 ug/mL (pcDNA3.1/HisB/LacZ 

15 containing bacteria) or Kanamycine 30 ug/mL (pN2EGFP containing bacteria). The phage 
prepared from the supernatant a mixture of F5-Fd coat contains either the reporter gene 
(about 50% of the phages) in a single strand format or the F5-Fd phage genome (about 50% 
of the phages). Incubation of ErbB2 positive cells 5.105 SKBR3 with 10 7 pfu the phage mix 
(Filtered twice through a 0.45 run filter to sterility) allowed expression of the reporter gene 

20 in 1% of the cells. Cells incubated with an 10 time fold more negative control phage, i.e. 
reporter gene packaging in wild type Fd, showed no expression of the reporter genes. In an 
experiment where a mixed population of ErbB2 high (SKBR3) and ErbB2 low cells (MCF7) 
(Lewis et al (1993) Cancer Immunol Immunother 37: 255-263) were incubated with the F5- 
Fd-EGFP phages for two days, we obtained the expression of the reporter gene only in 

25 erbB2 positive cells, cells being differentiated by their ErbB2 level by FACS. 

Example 7: Targeted gene delivery to mammalian cells bv filament ous bacteriophage 

In this example we show that prokaryotic viruses can be re-engineered to 
infect eukaryotic cells resulting in expression of a portion of the bacteriophage genome. 
Phage capable of binding mammalian cells expressing the growth factor receptor Erb32 and 
30 undergoing receptor mediated endocytosis were isolated by selection of a phage antibody 
library on breast tumor cells and recovery of infectious phage from within the cell. As 
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determinedby Immunofluorescence, F5 phage were efficiently endocytosed into 100% of "- 
ErbB2 expressing SKBR3 cells. To achieve expression of a portion of the phage genome, 
F5 phage were engineered to package the green fluorescent protein (GFP) reporter gene 
driven by the CMV promoter. These phage when applied to cells underwent ErbB2 
mediated endocytosis leading to GFP expression. GFP expression occurred only in cells 
overexposing ErbB2, was dose dependent reaching 4% of cells after 60 hours and was 
detected with phage titers as low as 2.0 x 10? cfu/ml (500 phage/cell). The results 
demonstrate that bacterial viruses displaying the appropriate antibody can bind to 
mammalian receptors and utilize the endocytic pathway to infect eukarotic cells resulting in 
viral gene expression. This represents a novel method to discover targeting molecules 
capable of delivering a gene intracellularly into the correct trafficking pathway for gene 
expression by directly screening phage antibodies. This should significantly facilitate the 
identification of appropriate targets and targeting molecules for gene therapy or other 
applications where delivery into the cytosol is required. This approach can also be adapted 
to directly select, rather than screen, phage antibodies for targeted gene expression. The 
results also demonstrate the potential of phage antibodies as an in vitro or in vivo targeted 
gene delivery vehicle. 

•R) Materia ^ and Methods 

■n A •nfi-1T.rh'R2 F5 scFv 

An anti-ErbB2 scFv (F5) in the vector pF£EN-l (Hoogenboom et al. (1991) 
Nucleic Acids Res. 19(15): 4133-4137) (pHEN-F5) was obtained by selecting a non-immune 
phage antibody library (Sheets et al. (1998) Proc. Natl. Acad. Set USA 95(11): 6157-6162) 
on ErbB2 expressing SKBR3 cells followed by screening for binding on recombinant ErbB2 
extracellular domain (BCD). The native F5 scFv binds ErbB2 ECD with a Kd = 1 .6 x 1 Cr? 
M as determined by surface plasmon resonance in a BIAcore as previously described (Schier 
etal. (1996) J. Mol Biol. 255(1): 28-43). 

21 Phage and pha g «nid vectors 

pcDNA3-GFP (6.1 Kbp) was obtained by subcloning the Hind TQJNot I 
fragment of pN 2 EGFP (4.7 Kbp) (Clontech) into the P cDNA3-HisB/LacZ (Invitrogen) Hind 
WNot I backbone. A fd-F5-phage vector was constructed by subcloning the Sfi VNot I 
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scFv-F5 insert from pHEN-1 into the Sfi VNot I sites of fd-Sfi/Not (constructed from fd-tet-'- 
DOG (Clackson et al (1991) Nature 352(6336): 624-628) by changing IhcApaLl cloning 
site in the gene m leader to SfiL. The pHEN-F5-GFP phagemid vector (6.8 Kbp) was 
obtained by subcloning the 1.6 Kbp pN2EGFP blunted Ase VAfl Et fragment into the blunted 
5 EcoR I site of pHEN-F5. The orientation of the insert was analyzed by Not I restriction 
digest. 

3^ Cell line culture and transfection 

SKBR3 and MCF7 were grown in RPMI complemented with 10% fetal 
bovine serum (FBS) (Hyclone). 50 % confluent SKBR3 cells grown in 6-well plates were 

1 0 transfected with 1 jig of DNA per well using Lipofectamine (GIBCO BRL) as recommended 
by the manufacturer. pN2EGFP dsDNA was prepared by alkaline lysis using the Maxiprep 
Qiagen Kit (Qiagen Inc.). ssDNA was extracted from 500 ul of phagemid preparation (see 
below) by 2 phenol extractions followed by ethanol precipitation. DNA was quantified by 
spectophotometry with 1.0 A26O Bm equal to 40 fig/ml for ssDNA or 50 p.g/ml for dsDNA. 

15 For GFP detection, cells were detached using a trypsin-EDTA mix (GIBCO BRL) and 
analyzed on a FACScan (Becton Dickinson). 

4) Phagemid and phage preparation 

pHEN-F5, pHEN-F5-GFP, pcDNA3-GFP or pN2EGFP phagemids were 
prepared from E, coli TGI by superinfection with VCS-M13 helper phage (Stratagene) as 

20 previously described (Marks et al (1991) J. Mol Biol 222(3): 581-597). Fd-F5-phage were 
prepared from E. coli TGI as previously described (McCafierty et al (1990) Nature 
348(6301): 552-554). F5-GFP-phage and F5-LacZ-phage were prepared by superinfection 
of £ coli TGI containing pcDNA3-GFP with fd-F5-phage. Virus particles were purified 
from the culture supernatant by 2 polyethylene glycol precipitations (Sambrook et al (1990). 

25 Molecular cloning- a laboratory manual, Cold Spring Harbor Laboratory, New York) 
resusp ended in phosphate buffered saline, pH 7.4 (PBS), filtered through a 0.45 Jim filter 
and stored at 4°C. Alternatively, the preparations were submitted to an additional CsCl 
ultracentrifugation step (Smith and Scott (1993) Meth Enzymol 211: 228-257). The ratio 
of packaged helper phage DNA versus phagemid DNA was determined by titering 

30 (Sambrook et al, supra.) the phage for ampicillin and kanamycin resistance (for helper 
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phage rescued pHEN-F5) or ampiciffin and ****** Stance (for fd-F5 phage rescued - 
pcDNA3-GFP). 

Cells were trypsimzed, washed with PBS containing 1% FBS (FACS buffer) 
and resided a, 10« cells/ml in the same buffer. The seining procedure was performed 
on ice with reagents diluted in FACS buffer. One hundred »d aliquotz of cells were 
dis^utedinconical^-wenplatefNuncXoenrtftg^MSOOgandtheceUpe^ 

tended hr 100 pi of serial duluuons of phage or phagemid preparation and nested for 
, hx Cells were cenmmged and washed twice, me ceU pellets resuspended in ,00 , of anh- 
M13 antibody (5 Prune, 3 Primelnc.) (diluted 1/400) and incubated for 45 tun, Ce* ; were 
washed as above, .suspended in 100 of sneptavrdin-Phycoeryfcrin (Jackson MM 
,,400) and incubated for 20 tnin. After a final wash, the cells were analyzed by FACS. 

TTnmiinofli^rescence 

Cells were grown on coverslips to 50% confluency in 6 well-pit*. Pbagc 
i prepararion (leas than 10% of the cuhure medium) was added and due cells were inched 
Z* hours The covers were washed 6 times with PBS, 3 fintes for 
buffer (50 - glych*, pH 2,, Nad 500 mM), neunaUzed wim PBS an fixe w* »■ 

0 1/300 in fire samrzfion soluuon) followed by srieptavidin-Texas Red (Antershant) d. 1/300 
in me auturution solution). Coverslips were analyzed with an Axioskop fluoreacen, 
microscope (Zeiss). 

a ri -..--. 1 , hrf .n.edi g trfrantnfettibn 

CaCl phage preparations were diluted at least 10 fald in cell culture medium, 

*. cefis were hypsh^ washed wim FACS buffer and analyzed fot : GFP „ 
FACS . mure experiments where MCF7 and SK BK3 were — 
was quanritated by FACS using the anti-EtbB2 mouse mAh 4D5 which bmds ^ ^ 
.00 WM) (1 to), biotinylated sheep and-mouse immunoglobulins (Ametsham) and 
30 streptavidin-Phycoerythriii. 
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O Results •-- 

1) Inter nalization of ErbB2 binding monovalent and multivalent F5 phage 
particles bv ErbB2 expressing cells 

We isolated the anu-ErbB2 scFv-F5 from a library of scFv displayed on the 
5 surface of bacteriophage as fusions to pUI (Sheets et al (1998) Proc. Natl Acad. Sci. USA 
95(1 1): 6157-6162) by selection on ErbB2 expressing SKBR3 breast tumor cells and 
recovery of infections phage from within the cell (M. Poul et al, manuscript in preparation). 
This selection strategy was employed to select scFv capable of undergoing endocytosis upon 
receptor binding. When the pHEN-F5 phagemid vector is rescued with VCS-M13 helper 

10 phage, the resulting virus particles (F5-phagemid) display an average of 1 copy of scFv-pIH 
fusion protein and 3 to 4 copies of the wild type pIU minor coat protein from the helper 
phage (Marks et al (1992) /. Biol Chem. 267(23): 16007-16010). As a result, the 
phagemid bind monovalently. To improve the binding of the virus particles to ErbB2 
expressing cells, multivalent phage antibodies were created by subcloning the F5 scFv DNA 

15 into the phage vector fd-Sfi/Not for fusion with the pin protein. Virus particles, referred to 
as fd-F5 phage, display 4 to 5 copies of scFv-pIH fusion protein (Id.). 

To determine whether F5 phage antibodies could be internalized by 
mammalian cells, SKBR3 cells overexpressing ErbB2 were incubated for 16 hrs with fd-F5 
phage (10 9 colony forming unit/ml, cfu/ml), F5 phagemid (10 1 1 cfii/ml), or with phagemids 

20 displaying an irrelevant anti-botulinum scFv-pEH fusion protein (10 12 cfu/ml) (Amersdorfer 
et al., 1997) as a negative control. The cell surface was stripped of phage antibodies using 
low pH glycine buffer, the cells permeabilized and fixed, and intracellular phage detected 
with anti-M13 antibody. Remarkably, all cells showed strong intracellular staining when 
incubated with fd-F5 phage or with F5 phagemid but not when incubated with the anti- 

25 botulinum phagemid. This demonstrates the dependence of phage entry on the specificity of 
the scFv fused to pUI 

2) Preparation of ErbB2 binding phages and phagenj ids packaging a reporter 
gene for expression in eukarvotic cells 

Two strategies were used to investigate whether F5 phage could deliver a 
30 reporter gene to mammalian cells leading to expression. To make monovalent phage 
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containing a reporter .gene, we cloned the gene for green fluorescent protein (OTP) dnvenby 
the CMV promoter into the phagemid vector pHEN-F5 generating the vector pHEN-F5-GFP 
(Figure 6, left panel). Escherichia, coli TGI containing pHEN-F5-GFP (ampicillin resistant) 
w Je infected with helper phage (kanamycin resistant) and high titers of monovalent F5-GFP 
phagemids were obtained (5.0 x 10 10 ampicillin resistant cfu/ml of culture supernatant). The 
ratio of packaged phagemid DNA versus helper phage DNA (ampicillin versus kanamycin 
resistant cfu) was determined to be 100:1. To make multivalent phage containing a reporter 
gene, fd-F5-GFP phage were generated by infecting E. coli TGI carrying the pcDNA3-GFP 
phagemid (ampicillin resistant) with fd-F5 phage (tetracycline resistant), thus using fd-F5 
phaleasahelperphage. The fd-F5-GFP phage titer was approximately 5.0 x 10* ampicillin 
resistant cfu/ml of culture supernatant. Lower phage titers result when fd is used as a helper 
pha-e because it lacks a plasmid origin of replication leading to interference from the 
phagemid fl origin (Cleary and Ray (1980) Proc. Natl. Acad. Set USA 77(8): 4638-4642). 
The ratio of packaged reporter gene DNA versus phage DNA (ampicillin versus tetracyclme 
resistant cfii) was 1:1. The lower ratio of reporter gene/helper genome when using fd as a 
helper phage is due to the presence of a fully functional packaging signal on the fd genome 
compared to the mutated packaging signal in VCS-M13 (Vieira and Messing (1987) Meth. 
Enzymol 153: 3-11). Both phage and phagemid preparations were assessed for SKBR3 cell 
binding (Figure 7). While both preparations bound SKBR3 cells, binding could be detected 
with as little as 10« cfu/ml of fd-F5-GFP phage cfu/ml (160 femtomolar) compared to 10" 
cfu/ml of F5-GFP phagemids (15 picomolar). Thus multivalent binding leads to an increase 
in the apparent binding constant of virus particles. 

^ Targeted phaoem j H *nrt phage mediated rene transfer into ErbB2 
^rpgcin p hrep g* ™ncer cells 

To determine if ErbB2 binding phagemids were capable of targeted gene 
delivery, 2.0 x 10* SKBR3 cells (abreast tumor cell line expressing high levels of EAB2) or 
2.0 x 105 M CF7 cells (a low ErbB2 expressing breast tumor cell line) were incubated with 
5 0 x 10" cfu/ml F5-GFP phagemids at 37°C. Cells were analyzed for GFP expression by 
FACS after 48 hrs (Figure 8A). 1.37% of the SKBR3 cells expressed GFP after incubation 
, with F5-GFP phagemids (Figure 8A6). GFP expression was identical regardless of the 
orientation of the fl packaging signal (data not shown), indicating that 
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txanscription/translation was proceeding via synthesis of the complementary DNA -strand. - - - 
GFP expression was not detected in SKBR3 cells incubated with no phage or with helper 
phage packaging the reporter gene (Figure 8A4 and 8A5). Expression was also not seen in 
MCF7 cells incubated with no phage, helper phage or pHEN-F5-GFP, indicating the 
5 requirement of ErbB2 expression for targeted gene delivery (Figure 8A1, 8A2 and 4 A3). 
Since gene transfer applications are likely to involve targeting of specific cells in an 
heterogeneous cell population, we performed the same experiment on a co-culture of SKBR3 
and MCF7 cells (Figure 8B). Cells were stained for ErbB2 expression to discriminate MCF7 
from SKBR3 cells and the GFP expression of each subpopulation was analyzed by FACS. 
1 0 Only SKBR3 cells (1.91 %) expressed GFP. Similar results were found using F5-GFP 

phages instead of F5-GFP phagemids (data not shown). These data confirm that fd-F5-GFP 
phage and F5-GFP phagemid mediated gene delivery is restricted to ErbB2 overexpressing 
cells and can be targeted to such cells in the presence of non-expressing cells. 

4) Characterization of phage mediated gene transfer 

15 To determine the dose-response characteristics of phage mediated gene 

transfer, SKBR3 cells were incubated for 60 hrs with increasing amounts of fd-F5-GFP 
phage or F5-GFP phagemids and the percent of GFP positive cells determined (Figure 9A 
and 9B). Tne minimal phage concentration required for detection of a significant number of 
GFP positive cells (Figure 9 A) was approximately 4.0 x 10 7 cfu/ml for fd-F5-GFP phage 

20 (0.13%) and 1.0 x 10 10 cfu/ml for F5-GFP phagemid (0.12%). The values correlate closely 
with the binding curves (Figure 7) and indicate that multivalent phage are 100 to 1000 time 
more efficient than phagemids in terms of gene expression. No significant number of 
positive cells were observed with up to 4.0 x 10 13 cfu/ml of helper phage packaging the 
reporter gene. For both phage and phagemid, the percent of GFP positive cells increased 

25 with phage concentration with no evidence of a plateau. The maximum values achieved 
were 2% of cells for fd-F5-GFP phage and 4% for F5-GFP phagemids and appear to be 
limited by the phage titer applied (1.5 x 10 9 cfu/ml and 4.0 x 10 12 cfu/ml respectively). The . 
amount of GFP expressed per cell (estimated by the mean fluorescent intensity (MFI), 
Figure 9B) also increased with phage concentration, with a small number of cells showing 

30 expression with phage titers as low as 2.0 x 10 7 cfu/ml (fd-F5-GFP phage) to 1.0 x 10 10 
cfu/ml (F5-GFP phagemid). 
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To compare the yield of gene expression obtained with phage to traditional , .. 
^sfection methods, single stranded (ssDNA) or double landed (dsDNA) was transfected 
mto SKBR3 usmg Hpofectamine. Per ug of ss DNA efficiency of phagemid mediated gene 
delivery (approximately 1%) was comparable to hpofectamine transfecton of ssDNA 
(0 980/c) and dsDNA (1-27%) (Table 10). Efficiency was approximately 500 fold higher for 
phage mediated transection, with 2.25 ng of ss DNA resulting in transfection of 0.87% of 
cells. 



Table 10. Transfection efficiencies in SKBR3 cells. 



Transfection 
method 



Reporter plasmid 



Amount of reporter % ofGFP 
>lasmidDNA_ positive celb _ 




15 



*Cells were analysed 4 F h^r7Ifter^n S fection for GFP expressio^mlFACS. Results 

areexpressedmroofGFPpositivecens. -For phage, the amount of reporter plasm^ *u 

^Itedn.mmeplasmidsizeandmenumberofampici^ 

GFP) or kanamycin (pN 2 GFP) resistant colonies. Mock transfected cells contamed an 

average of 0.05% GFP positive cells. 

To determine the time course of gene expression, 5.0 x 10» cfu/ml of F5-GFP 
by fresh medium. GFP expressing cells can be detected within 24 hrs after phage are applied 
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and the percentage of positive cells increases linearly with increasing time to a maximum of . 
4.5% by 120 hours (Figure 9C). The GFP content of the positive cells, as estimated by the 
MFI, increases up to 96 hrs (Figure 9D). After 96 hrs, the number of GFP positive cells 
continues to increase but the MFI decreases, probably due to the repartition of GFP 
5 molecules to daughter cells during cell division. 

O Discussion 

We demonstrate that filamentous phage displaying an anti-EibB2 scFv 
antibody fragment as a genetic fusion with the minor coat protein pin can be directly 
targeted to mammalian cells expressing the specificity of the scFv. Such phage undergo 

1 0 receptor mediated endocytosis and enter an intracellular trafficking pathway which 

ultimately leads to reporter gene expression. This is a remarkable finding demonstrating that 
prokaryotic viruses can be re-engineered to infect eukaryotic cells resulting in expression of 
a portion of the bacteriophage genome. Gene expression was detected with as few as 2.0 x 
10 7 cfu of phage and increased with increasing phage titer up to 4% of cells. Multivalent 

15 display decreased the threshold for detectable gene expression approximately 500 fold 

compared to monovalent display, most likely due to an increase in the functional affinity and 
an increased rate of receptor mediated endocytosis from receptor crosslinking. The 
maximum percent of cells transfected, however, was higher for monovalent display 
(phagemid) due to the significantly higher phage titer generated The lower titer of 

20 multivalent phage is due to interference of the fl origin of replication on the reporter 
phagemid with the fd phage antibody origin of replication (Cleary and Ray (1980) Proc. 
Natl Acad, Sci. USA 77(8): 4638-4642). 

Targeted infection of mammalian cells using phage which bind endocytosable 
receptors is likely to be a general phenomenon. For example, fusing an anti-transferrin 

25 receptor scFv to gene HI of pHEN-GFP results in GFP expression in 10% of MCF7 cells, 
4% of SKBR3 cells, 1% of LNCaP cells and 1% of primary melanoma cells. Similarly, 
targeted GFP gene delivery to FGF receptor expressing cells using biotinylated phage and a 
streptavidin-FGF fusion molecule was recently reported (Larocca et aL (1998) Hum. Gene 
Ther. 9: 2393-2399). However, direct genetic fusion of the targeting molecule via gene HI 

30 may be more efficient than using adapter molecules. Thus while the maximum percent of 
cells transfected using the FGF-adapter molecule was not reported, we estimate it to be only 
0.03% of FGF expressing L6 rat myoblasts based on the number of cells infected, the time 
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after infection to the measurement ofgene expression and the number of cells expressing ■■ - 
GFP. Whileagxeaterfrequencyofexpression(0.5%)wasseeninCOS-l cells, this results 
from the presence of large T antigen and SV40 mediated DNA replication and thus is not 

generalizable to most cells. 
5 ~ The approach we describe represents a novel method to discover ligands for 

targeted intracellular drug or gene delivery. Phage antibody or peptide libraries are first 
selected for endocytosis by mammalian cells (Barry et al. (1996) Nat. Med. 2: 299-305) or 
for binding to purified antigen, cells, tissues or organs. After subcloning the selected scFv 
cenes inJthe pHEN-GFP vector, phage produced from individual colonies can be directly 
10 screened for gene expression. This is possible since expression can be detected with as little 
as 1.0 x 1010 C& of phagemids. This permits not only direct identification of endocytosed 
scFv but also the subset of receptor antibodies which undergo proper trafficking for gene 
expression. If multivalent display is necessary for efficient endocytosis, the scFv genes can 
be subcloned into fd-Sfi-Not which is then used to rescue the reporter phagemid. Use of 
15 scFv-fd phage also allows the targeting of a large number of different reporter genes in 
various expression vectors since many commercially available mammalian vectors contain 
fl origins of replication. As such, antibody targeted phage might prove useful transfecton 
reagents, especially for cells difficult to transfect by standard techniques. 

It may also prove possible to use this approach to directly select, rather than 
20 screen, antibodies for targeted gene delivery. For example, mammalian cells are incubated 
with a phage antibody library containing the GFP gene, and then sorted based on GFP 
expression using FACS. Phage antibody DNA would be recovered from the mammahan 
cytoplasm by cell lysis and used to transfect E. coli and prepare more phage for another 
round of selection. If the quantities of recoverable phage DNA are inadequate, inclusxon of 
25 the neomycin gene in the pHEN-GFP vector would permit selection of GFP expressmg 
mammalian cells using G418 (Larocca et al. supra). 

Finally, this system has promise as a targetable in vitro or in vivo gene 
therapy vehicle. The main limitations are infection efficiency, pharmacokinetics and 
immunogenicity. With respect to infection efficiency, values achieved by targeted phage in 
30 this report (8.0 x lOVml of phage preparation) are not dissimilar to values reported for 
targeted retrovirus (10M0S/ml of virus) (Kasahara et al. (1994) Science 266: 1373-1376; 
Somia et al. (1995) Proc. Natl. Acad. Sci. USA 92(16): .7570-7574) but less thanreported 
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for adenovirus targeting strategies (Douglas et al (1996) Nat Biotechnol 14: 1574-1578;. - - 
Watkins et al 1997) Gene Ther. 4(10): 1004-1012). The factors limiting higher infection 
efficiencies, however, are likely to differ between the systems. Thus while the percentage of 
cells infected by retrovirus is significantly higher than observed for bacteriophage, infection 
5 is limited by the problems encountered producing large numbers of virus which can enter the 
cell. Since all cells take up the targeted phage, gene expression is limited by one or several 
post-uptake events (e.g. degradation of phage to release DNA, endosomal escape, nuclear 
targeting or transcription). More detailed study of the fate of the phage and its DNA is likely 
to suggest where the block lies permitting engineering of phage to increase infection 

10 efficiency. For example, endosomal escape could be enhanced by co-administering 

replication defective adenovirus (Curiel et a!. (1991) Proc. Natl Acad. Sci. USA 88(19): 
8850-8854) or incorporating endosomal escape peptides (Wagner et al (1992) Proc. Natl 
Acad. Sci. USA 89(17): 7934-7938) or proteins (Fominaya and Wels (1996) J. Biol Chem. 
271(18): 10560-10568) into the phage major coat protein pVm. Alternatively, infection 

15 efficiency could be increased combinatorially by creating scFv targeted libraries of pVHI 
mutants and selecting for increased gene expression. With respect to pharmacokinetics, 
though not extensively studied, it is likely feat the biodistribution of phage is limited to the 
intravascular space. This would not affect in vitro phage gene therapy, but might limit in 
vivo uses to those targeting the vasculature. This still leaves numerous applications 

20 including those where neovascularization plays a role, such as cancer. With respect to 
immunogenicity, it is likely that phage will be immunogenic, thus limiting the number of 
times that phage could be administered in vivo. Alternatively, it might prove possible to 
evolve the major coat protein pVLI to reduce or eliminate immu nogenicity for example by 
negatively selecting a pVm library on immune serum (Jenne et al (1998) J. Immunol 

25 161(6): 3161-3168). 

It is understood that the examples and embodiments described herein are for 
illustrative purposes only and that various modifications or changes in light thereof will be 
suggested to persons skilled in the art and are to be included within the spirit and purview of 
30 this application and scope of the appended claims. All publications, patents, and patent 
applications cited herein are hereby incorporated by reference in their entirety for all 
purposes. 
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CLAIMS 

What is claimed is: 

1 . A method of transfecting a target cell with a heterologous nucleic 

2 acid, said method comprising: 

i) providing a phage externally displaying a heterologous targeting 

4 protein and containing said heterologous nucleic acid; and 

ii) contacting said target cell with said phage whereby said phage is 

6 internalized into said cell and wherein said heterologous nucleic acid is transcribed wiihin 

7 said cell. 

! 2. The method of claim 1, wherein said phage displays, on average, at 

2 least two copies of said heterologous targeting protein. 

! 3 . The method of claim 2, wherein said phage displays, on average, at 

2 least four copies of said heterologous targeting protein. 

j 4 Themethodofclaiml.whereinsaidphageisamemberofaUbraryof 

2 phage wherein said library comprises a number of different heterologous targetmg proteins. 

! 5. The method of claim 4, wherein said library comprises at least about 

2 10 s different heterologous targeting proteins. 

1 6 method of claim 4, further comprising selecting phage that are 

2 internalized by said cell. 

j 7. The method of claim 6, wherein said selecting is by expression of a 

2 selectable marker or a reporter gene. 

! ' 8. The method of claim 7, wherein said selectable marker is an antibiotic 

2 resistance gene. 

! 9 . The method of claim 7, wherein said reporter gene is selected from the 

2 group consisting of Fflux, p-galsctosidase, horse radish peroxidase, and green fluorescent 

3 protein. 
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1 10. The method of claim 6, further comprising amplifying phage 

2 internalized by said cell. 

1 11. The method of claim 1, wherein said target cell is a mammalian cell. 

1 12. The method of claim 1 , wherein said providing comprises: 

2 i) providing an assembly cell containing said heterologous nucleic 

3 acid and a packaging signal; and 

4 ii) infecting said assembly cell with a phage expressing on its surface 

5 said heterologous targeting protein and containing the gene for said targeting protein 

6 whereby said phage acts as a helper phage and packages said heterologous nucleic acid. 

1 13. The method of claim 12, wherein said assembly cell is a prokaryote. 

1 14. The method of claim 1, wherein said heterologous targeting protein, a 

2 DNA encoding said heterologous targeting protein, and said heterologous nucleic acid are 

3 encoded by a DNA that is a phagemid. 

1 15. The method of claim 1, wherein said heterologous targeting protein is 

2 encoded by a nucleic acid that is a phagemid. 

1 1 6. The method of claim 1, wherein said phage is a filamentous phage. 

1 1 7. The method of claim 1, wherein said targeting protein is an antibody. 

1 18. The method of claim 17, wherein said antibody is a single chain Fv 

2 (scFv) or a Fab. 

1 19. The method of claim 1 8, wherein said antibody is a single-chain Fv 

2 (scFv). 

1 20. The method of claim 1, wherein said targeting protein is an anti-erbB2 

2 antibody and said phage is a filamentous phage. 

1 21. The method of claim 1, wherein said phage is preselected for binding 

2 to an inter nalizin g cell surface receptor. 
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! 22. The method of claim 21, wherein said receptor is selected from the 

2 groupconsistmgofatransferrmreceptor.erbB^EOT 

! 23. The method of claim 1, wherein said phage further expresses an 

2 endosomal escape polypeptide. 

24. The method of claim 1, wherein said phage further comprises anuclear 
2 localization signal. 

! 25. The method of claim 23, wherein said endosomal escape polypeptide 

2 is a bacterial translocation domain or a viral endosomal escape peptide. 

1 26 A vector for transfection of a target cell, said vector comprising a 

3 receptorwherebysaidphagebmds^ 

4 said phage contains a heterologous nucleic acid that is transcribed inside said target cell. 

! 27. The vector of claim 26, wherein said heterologous nucleic acid is not 

2 drug resistance gene. 

The vector of claim 26, wherein said heterologous nucleic acid is not a 



1 28. 

2 selectable marker. 



The vector of claim 26, wherein said heterologous targeting protein is 



1 29. 

2 an antibody. 

! 30. The vector of claim 29, wherein said antibody is a single chain Fv 

2 (scFv), or a Fab. 



1 31. 



The vector of claim 30, wherein said antibody is a single-chain Fv. 
1 32. Thevectorof claim26, wherein said phage is a filamentous phage. 

1 33 The vector of claim 26, wherein said heterologous targeting protein is 



2 present on average in at least two copies per phage. 
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1 34. The vector of claim 33, wherein said heterologous targeting protein is 

2 present on average in at least four copies per phage. 

1 35. A vector for transfection of a target cell, said vector comprising a 

2 phage vector or phagemid vector encoding: 

3 a phage coat protein in fusion with a heterologous targeting protein 

4 that specifically binds to an internalizing cell surface receptor and is internalized into a cell 

5 bearing said receptor, and 

6 a heterologous nucleic acid in an expression cassette allowing 

7 transcription of said heterologous nucleic acid inside said cell.. 

1 36. The vector of claim 35, wherein said heterologous nucleic acid is not 

2 drug resistance gene. 

1 37. The vector of claim 35, wherein said heterologous nucleic acid is not a' 

2 selectable marker. 

1 38. The vector of claim 35, wherein said heterologous targeting protein is 

2 an antibody. 

1 39. The vector of claim 38, wherein said antibody is a single chain Fv 

2 (scFv), or a Fab. 

1 40. The vector of claim 39, wherein said antibody is a single-chain Fv. 

1 41. The vector of claim 35, wherein said vector, when packaged into a 

2 filamentous phage, displays on average at least two copies of said heterologous targeting 

3 protein per phage particle. 

1 42. A kit for transducing a target cell, said kit comprising a container 

2 containing a phage or phagemid vector encoding: 

3 a phage coat protein in fusion with a heterologous targeting protein 

4 that specifically binds to an internalizing cell surface receptor and is internalized into a cell 

5 bearing said receptor; and 
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6 a paii of restriction sites that allow insertion of a heterologous nucleic 

7 acid into said phage or phagemid vector. 

! 43. The vector of claim 42, wherein said heterologous targeting protein is 

2 ' an antibody. 

! 44. The vector of claim 43, wherein said antibody is a single chain Fv 

2 (scFv), or a Fab. ■ 

l 45. The vector of claim 44, wherein said antibody is a single-chain Fv. 

1 46 The vector of claim 42, wherein said vector, when packaged into a 

2 filamentous phage, displays on average at least two copies of said heterologous targeting 

3 protein per phage particle. 
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